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AN INDIRECT MEASUREMENT OF THE n-n INTERACTION
Robert Hastings Phillips

(Thesis)

ABSTRACT

The gamma ray spectrum from the process W + D—> 2n+ ) has
been measured using an improved 1l17-channel pair spectrometer., The pions
were produced in an internal target by 335 Mev protons of the 184~-inch
cyclotron. Watson and Stuart have shown that the spectrum is sensitive
to the n-n interaction and have caiculated theoretical spectra based
on5thezparameterd:, the inVerse "scatteriné length™ which relates the
res@its to the low enefgy n-n scattering cross section. The expefimental
vdéta are analyzed by evaluating a weighted first moment of the spectrum,
- Comparison wiih weighied fifst moments of the theoretical Speétra leads

to a value;ofckfl = <15.7 x 10713

cm with limits, based on the probable
error, of =l z 8.7 X 1013 e andk™t = —cocm, The value™l = -15.7 x
10713 ¢op corresponds to an unbound state (~260 Kev positive) for the
hypothetical dineutron. Taking rg = 2,65 & 10-13 cm, the total cross

section for n-n scattering evaluated at zero energy, is approximately

31 barns.
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L. INTRODUCTION .

Low enefgy proton=proton scattering experimehts permit the -
évaiuation of two parameters of the nucleon-=nucleon interactidnlo. In
particular the results show2 that the lowest singlet state for two pro-
tons is unstable. Except for coulomb repuléion effects, arguments based
on the charge independence of nuclear forces would therefore predict’that
the lowest singlet states of the n-p and n-n systeﬁs would not be stable
either. In the case of the n~p system, scattering experiments again bear
this outzo Serious experimental difficulties, howeverp'ha§e precluded
the use of scattering experimenﬂé to stﬁdy the nén forces. The present
experiment permits thé evaluation of one parameter of ﬁhe n-=n inter-
actioﬁo |

Severai papers have been written discussing .the existence of

35435

the dineutron and considerable eXpefimental work has been done in an

effort to establish its actualityémllo

Kundu and Pool4 bombarded 0059 and Rhlo3

| with tritium. The
observed half lives of the products established the fact that t.hevre==
factibn'had proceeded by capture of two neutréﬁso They‘concluded that
the mechanism involveﬁ_was probably the 0ppenpeimer=Phiilips12 proéeés
with.H3 rather than a compound nucleus mechanism. Capture by the
Oppénheimér=Phillipé pfdcess would suggest that the two neutrons may be
cabthred'as a group. This would meaﬁ that a dineutron could have at
least tranéient existence inlthé instant between the polarization of

.the tritium nucleus and the capture. - The experiment has a rather remote

bearing on the actual occurrence of an observable dineutron.
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N. Feather” has establlshed the upper llmlt of the binding

energy of the dlneutron to be O 7 Mev based on the fact that He6 is

stable agalnst heavy partlcle emlssiono By cons1deratlon of a group of
known reactions for which the Q values have been experlmentally estab=

llshed he 1s able to deduceo

6
. He == He4u¢ An = 0.7 Mev

Us.Lng th:n,s limit and the known blndlng energy of the deuteron he 1s able
to estlmate the limits on the llfetlme of the dlneutron as between l and

5 seconds assuming a superallowed/Q dlsintegratlono

~ Acting on a suggeStion by N. Feather” that the dineutron, if
stable, might be emitted.in the process of fission and if so could be
209 .

detected by capture in Bi 099 Fennlng and Holt6 irradiated Bi” in the

Harwell piles The thermal flux of neutrons was about lO12 neutrons per
s8ge cm per sec. Denoting the flux of dlneutrons by}ﬂ and the capture
cross section by U-g they reported that no act1v1ty ascrlbable to A C

was observed and set ¢GT'<Z_1 5 x lO -21 per seco

Feather gave a preliminary report7 on an experlment by Fennlng

in which he had 1rrad1ated He4 in the Harwell p11e and apparently ob=
6 |

served the approx1mately one second act1v1ty from He in the reactlon

He4 & n? = He =uﬁ¢3 It was later concluded that the observed
4 V’ =18
act1v1ty was a result of contamination of the He and that < lO
per sec. where U is now the capture cross sectlon of hellum for d1=
neutrons.
The experlments so far desecribed only yield evidence on the

i,

existence of the dlneutrono Beyond the establlshment of limits on the
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"binding energy" of this hypothetical particle, they give no detailed in-

formation on the n=n interaction.

9

has reported evidence for the

production'of dineutrons in the reaction T3 4 T3 — Het % n?. A. Hemmine

-dingerl

Los Alamos Scientific Laboratory

0 gives more detail on this experiment. The reaction may proceed
in three alternative ways:

1o 13 4 17 —» He* + 2n

20 13417 = HeH 4 02

30 T3 4 13 —3 He” ¢ n

He4 + n-

The first procesé Will give a continuous distribution of alpha particle
energies. The second process would give a peak of Alpha particle ener-
gies depending on the angle'of observation. Hemmindinger says a detailed
kinematic analysis of the kinematics of the third process shows that two
or more peaks of alpha particle energies, associated with a given angle,
would be expected. But if the He5 nucleﬁs'is in its ground state as

4

determined by n-He" scattering measurement513 ﬁhe number of beaks for the
' He5 process would be limited to two_and one of these peaks would be of
vtoo low energy to be observed by their apparatus. At all angles the peak
resulting from process (2) would appear at a higher energy than any of the
peaks from process (3). Since two peaks are observed; the high energy
peak is attributed to the emission of dineutronss Hemﬁindinger states
that "The dineutron appears to be unboqnd by é few hundred Kev", although
no déﬁailed calculations, based on the absclute energy calibration from
the D(T,n) He% reaction, are given. @}n any case it seems possiﬁle that

the high energy pesk attributed to dineutron émission might really be the
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peek from the D(Tgn),He4 resulting from deuterium contamination of the
target or beam. In the case of the unbound ("virtual") state it woald
~also be difficult to preclude the fact that-the'peak resulted ffom two
neutrons emitted siﬁgly under the action of an attractive potential.
Another group at Chalk:River:'Ll have also invéstigated the T=T

reactions by measurement of the disintegration products. They observe
no alphalﬁarticle group with an energy equal or greater than that corres-
ponding to an alpha particle recoiling from an emitted dineutron of zero
binding energy. This enables them to put a:1imit on the occurrence of a
bound dineutfon as less than one.per,cent of the disinﬁegrationso They
also placeAan upper limit of one per cent o the disintegrations as result=
- ing from the existence of the dineutron in a virtual state of energy =
0.6 Mev of lifetime.f 3x lO==21 sec. Deuterium contamination prevents
them from making more detailed observations in the energy region correé=
‘ ponding to the unstable dineutron. v |

‘ It should be noted that no simple theory cén be used to derive
information on the n=n forces from the T=T process because of the inter-
action of the two neutrons with the alpha pérticleo Recent -experimental
work'wiﬁh mesons has opened up a new approach to the problem. Panofsky,
Aamodt, and HadleylA'have established that the capture of negative pions

in deuterium may lead to either of the following procésses:
T~ +D—>2nN
e D—2an+¥

15,16

‘,ﬁamor and Marshak and Bruekner, Serber, and-Watsonl7 have pointed

out that the gamma reay spectrum from the radiative capture process is
W

influenced by the n=n interaction. Since there is no nuclear interaction
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between the two neutrons and the gamma ray, this process permits a
simpler theoretical analysis.

Watson and Stﬁart.l8

, assuming a singlet S-state for the final
state of.the two neutrons, have célculated thé theoretical spectra bésedv
'on.the phase éhi£t'which is directly‘related to the low energy ppﬁ scat-
t’e_ririg cross section through the equation Q];} n= %;Slﬂaé Scht.n'.ngerl9
has shovn 9 may be related, through the equation Redt §=-& 4'{5. nﬂha
to two parameters used to describe the low energy scatterings & ,

the ;scattering length" and ro, thé "effective range". They state that
the spectra are not very sensitivé to the exactlvélue of r, and as a
result they assign to it the value obtained from p-p scattering: r, =
2065 X ld°13 cﬁzoo'.Thus Ve becémes the convenient parameter in this»
description of>the;ncn interaction;

21 usiﬁg the basic

Comparison of previouS'experiméhtal‘results
method descfibed in this paper leéds to a nominal value for the lowest
state of the n-n systeﬁ of 1.2 Mev virtual, equivalent to a value of :

41cxx¢=33 Mev. The éﬁergy resolution of ﬁhis'expefiment;.however, was
t§o poor to exclude either the Eound or no-interaction case. It there-

‘fore seemed desirable to seek an. improvement in the measurement with

better resolving powero-‘The present experiment was accordingly undertaken.
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'II. EXPERIVENTAL METHOD

‘A Basic Method

| The captuse of negatlve plons14 at'rest in nydrogen yields a

monoenergetic’ gamma rqy since . 1t is a two body process°zr # p —>n ¢+ Yﬁo

The capture of negatlve plons at rest in deuterluml4 ylelds a spectrum of

‘gamma rays 1nfluenced by the n-n 1nteractlon° v/ + D wn# 2n + )’D The

case where the two neutrons come off together, but w1thout 1nteractlon

determines the energetlc upper llmlt for therunbound stateo Conservatlon'

of energy and momeéntum glves | . o

CtweS e

2 2 (M s 1) IR | |

(2)

R A
T (M eMg)

Thus

EY E*oq‘ E’: __:_ '

-E MDM*W) (w xe?f L+{n3+-.) (3)
n “ ' : o o

_ Erbmax Efﬁ determlnes the pos1tlon of the theoretlcal spectra on the

energy scale relatlve to th and is not sen51t1ve to the value assumed

.for Efﬁ (see Seco II D)o The. theoretlcal spectra, corrected for the

| resolution of the 1nstrumentatlon9 may thus be compared with the exper1=

mental data for 7~ 4+ D = 2n 4 E/D without exact evaluatlon of the

absolute energy scale prov1ded both capture processes are observed wvith-

~ -identical 1nstrumentatlono A mere change of the gas used as the captur-=

.:. ing ‘substance made this possible in the present'instanceo



B. General Arrangement

Negative pions are produced by bombarding a heavy-element tar-
:get with the internal proton beam of the 184=inch Berkeléy synchrocycIOm
tron. Some of the piéns are thén absorbed in deuterium in the form @f é ‘
high pressure gas confined in a cylinder cqntiguous to the proton beam
target. Some of the gamma rays emitted in the reaction JI~ + D =3 2n 4 fs,
are perﬁitted to enter a pair spectrometer through a collimating system
(Figo 1)s Details of this experimental arrangement are completely ex-
plained in thé paper by Panofsky et allAO
The events comprising the data,‘"pairs",.are coincidehces be=
tween pair fragments‘(see Fige 1) which are dgtected by‘both banks of -
geiger tubes. The geiger tubes are gafed by‘"géted'quadsu, a.Quadfuple ._'4
coincidence between both sides of both proportional counters in coin= o
éidence with a beam pulse gate. A measurement of the energyvof the pair
fragménts determines the enérgy of the incident gamma rayo
| The present pair spectrometer has been designed by Ko Crowve
to achieve greatly improved energy resolution by means of first order
hérizéntal angular focusing and a decreasé,of the energy aperture of the
' pair-detecting géiger,countérso
.Figure 2 is aiséhematic drawing to show how first order heriionw 
tal angular focusiﬁg résults frbm_the’geometfy usedé In'bfactice the
electrons pass through a ffinging field which means that:the determinaa
tion of the actual fbcus line depends on careful measurement of the field
in order to plot exact orbits.

. An increased number of geiger tubes were arranged to overlap
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each other so that the energy defining aperture was reduced to 0.75 Mev
(Fig. 3). : T S :
o Since experimentel resuifs'have beed:ehowhfﬁo be'essentialLy
1ndependent of an absolute energy scale, a more detalled analy31s of ‘the

pair spectrometer is unnecessary except 1nsofar as the resolutlon or

detection eff1c1enqy is energy dependent.

)

C. Operation of the Runs

The entire running time extended continuously over a period of
ten days. The net data collection time was 37.8 houre for deuteridm,
- 2600 hours for hydrogen, and 22.1 hours:for backgroundg_:Plateaus for the
proportional.eounters.aedﬂaseociated,electronice were established by the
gamma ray f£lux from neutral plon deeay22 at the start of the experimento
- This is a fairly: tlme consuming procedure and vas. therefore only repeated _
once when required by replacement of one,of the -proportional counters.
The geiger tubee and aesoeiated elecbronioe were.individually checked
_before'the stert of the experiment and at the end of each day by means of
a radioaetive source; they were aiso checked occasionally during the;runs
by ungatidgo No replacements were. necessary . The magneticvfield~was
maintained constant throughout the experlment by monltoring with a

naclear fluxmetero

N An attempt was made to monitor the proton beam 1nten81ty by
means of & neutron counter . mounted 1ns1de the shleldlng about four feet
1from the cyclotron tank and dlreetly-along:the!lrne of sight of the:beem )
and the primary target. A buildup of the activity level on the:platforﬁ
over the.daily_lémhoﬁr bombardmedt periode;mey to'so@e extent'invelidate

this as an instantaneous indicator of beam intensity.
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Do The Foldlng Procedure

The theoretical spectra, as mentloned in part A, must be corw

rected for the resolutlon’of the lnstrumentatlono The pair spectrometer _"r~ R

because of 1ts finite resolv1ng power detects .a distribution of- energy
values about E‘H instead of a monochromatic line from the process
T" +p "“% n + YHO The gamma ray spectrum from the capture in hydrogen,
I(H(E)_thus defines the resolution of the instrumentationo Provided this
resolution,curye is not energy dependent it may be folded into the various
theoretical spectra for comparison with'the experimental results° '
The folding operation is Cp (E) JI(t) R (tuE) dt where I(t) is
the theoretlcal spectrum and R(t) is the resolutlon curve (the kernel)
which descrlbes ‘the observed dlstrlbutlon of energyvvalues around the as-
31gned value (the orlgln of R(t) )o In geueral, the assigned value must
be determined by a theoretical analy31s of the characterlstlcs of the in-
strumentation which produce the spread in the observed energy valueso The
evaluation of the preseut results, however9 will‘be shown to be independent
of the a531gned value of the kernel to the first ordero The higher order
error introduced is much smaller than the probable error of the measure-
ment. |
The assigned value ofAthe kernel here represents the measured
value Eyy and is thus the origin in a plot of R(t) = IXH [}(E mvEyﬁﬂ
where Iyy (shown in Figure 3 as fitted to the data) has been corrected
for the known energy depeudent efficiency of the pair'spectrometer,(See
Part E,'below)o As shown‘in Part A the’absolute energy scale of the

theoretical spectrum, I(t), is uniquely determined‘by this measured value
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of EJH and the dynamics of the two capture processes. A change (~AE) in
the measured value of E{y results in a change (+At) in the assigned
-'value of the; kernel _-such that the bkernel now’becomes R(t{At); The units »
of E and t are ’equal here. But thls change in Eyy alsc changes the upper-
limit (for the case of negative & values ) of I(t) by an amount that o
exactly compensates for the change in R(t). Thus the resulting fold,
¢(E), is the same in both cases. | | B

For an ass:k.gned value E‘H the fold is (P( ) I(t)R(t E>J:t
For an assigned value E{H $AE t_he fold iss ({)(E)'fm*“t R(th'f«)' chtt
 Since both I(t) and R(t) have beeﬁ»shlfted' by the same amount,
| At. the integrated product of the two funetlons is unchanged for any
given value of E (}I"lgo 4)e | | |
Equatlon (3) on page 7 shows that EJD - E){H is not senélﬁlve .

.to the absolute value of EUH Dn.fferentlatlng Equatlon (3) g:wesn '

,o'. (»EKDM— E\’n) ',’& E\’»  __ Eb‘omw ciEYum +..

- cLErH_ - nooooah oLEyn
Now one can ~easi1_,y show d Ex““ =~ \

. dBrB) L Eﬂ
e s - T

An exact calculation gives:

A (EKVbM:'EXH) =0.0b4 EXH'(Me.v)
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for the error in the position of the theoretical spectra due to an error
in the assigned value, EKH5 of the kernel. Watson and Stuartl® assumed
a value of E‘Dmax = 132.00 Mbv which corresponds to an éSsigned ﬁglue
Eyg = 129072>M§v9 ‘This;Value of EYy is close to a pfeliminary éstimaie
of the exéefimentél value és measured by Cfowe23;' It seems doubtful
thatllA Eyg will turn out to be greater than éne Mevo This wduld mean a
correction of 0.06 Mev, roughly a factor of ten smaller than the probable
‘error assigned to the final measurement. In any case the above formula
gives a simple method of adjusting the finaliresultso The folded theore-

tical spectra are shown in Figs 5.

E. Energy Depgpdent Factors

It is important that no energy dependent losses aistort the
observed gamma ray spectra. Multiple scattering in the converter is a
‘source of‘energy'depeﬁdéht loéses in the 6bsérvedtintensity of gamma
ra&so The defocusing effect of the frihginé field is not indépendent of
the'energy ¢f the‘vertigally:scattefed electrons. Aé a result they are
scattéred into a solid angle which is energy_debeﬁdent whereas the ver-
tical defining aperture of the geiger tubes is constant. The rather
large (three square inches) convérter used will magnify thisveff.ect°
Fortunately, thefe‘is a géod eiperiméntal chéck én this point. During
the éQufse of_the aSspciated study of:fhe'pion capture in hydrogeﬁ23
Aif wasinecesééryAto evélﬁaﬁé the yield of pairs as a_function of converter
thiéknéséo This wés done by diréctly obsérvipg the gamma rays from the

22

- decay of neutral pions<< produced by the proton bombardment of the

primary target. These,resulﬁs are plotted»in.Fig; 6“£ogether with some
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recent results of Crandall?4 using a one-inch.square converter. Crandall
has done a careful analysis of energy dependent losses and his curve has
been corrected for these effectsaf'His primary‘target.was ¢arbon, but
it has'been'Shown 25 that the spectra for carbon and heayy elements are
/indistinguishableo It is seen that no sxgnlflcant losses occur except ;;fﬂ
at the ends of the spectrum which are far from the reglon of interest
for bothfcapture processes as will become apparent later in this section.

A known source of energy dependence. of the detection effieiency
of the pair speetrometer results from itsyfdnite size since it detects a
' variable fraction of the poseible pair'eombinetions_for augiyen Edyo-'A o
correction for this effect is easily calculated fron'the>knoﬁn geometry

24,26 .

of the geiger counter ayo

The correctlon for the varlation of the pair productlon cross

section as a function of energy was taken from Heltler27

The max1mumv
effect was less than 1} per cent for I({D) No correction is necessary
for I(Ygy) since E(H is monochromatlco o o

| R(t) I‘fﬁkE°E(H] as poxnted out, muet not be energy dem -
pendenta The flnal analy51s of the data (see Part G, below) is based
on evaluatlon of the flrst moment of the folded theoretical curveso The =
‘fold with R(t=E) will only result in an error in the evaluatlon of the
first moment of the folded theoretlcal curves if the flrst moment of
| R(t) is energy dependento A preliminary - theoretical analy51s of the
.resolutlon curve of the palr spectrometer has been made by Ko Crowe23
'1nvolving consxderatlon»of energy channel width, converter 51ze, radia-

..’tlon straggllng of the pair in the converter, energy loss resultlng

_ ,from ionizatlon by the pair and multlple scattering of the palr in the _
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converter. Only energy loss from ionization and radiation straggling

will produce asymmetry in the resolution curve and hence result in an

energy dependent shift of its first moment. Crowe™>

finds the probab-
ility of the energy loss from ionization is constant up to a cut=off
value of 1.4 Mev for the converter used. Using this cut-off value a

=8 shovs

calculation baeed on thede/dx curves given by Halpern and Hall
that the shift from this source is lese than 10 Kev from 120 to 135 Mev,
the range of the fold. This effect is thus negligibleo
The probability, W(j)dyéhat an electron will retain €Y times
its initial energy in traversing a thickness of the converter is given
by Heitler<?. By a change of variable the probability, W(i%)dgthat the
E

electron retains a fraction %~ of its initial energy E, (Fig. 7) is:
) .

g2 ‘
. W(_E_JAE - EQ(Z;%)>I—%£ & Hzol

The calculation of the first moment of W(%a) shows that the shift is
- 0

less than 30 Kev in the range of the fold and is therefore of no importance.
The firsﬁ order calculation®’ of the theoretical resolution curve

.:ehecks-weli with the experimental K/H spectrum. However, the theory does

 ~sHew that a low ehergi tail to the X,H signal would be expectedo Experi-

mentally, as mentioned in Part G beldw,Ithe tail is at the high energy

end of the spectrum as can be seen by inspection of Fig. 3. But the-

intensity of the tail is so low that it has no influence on the final

resulte _Thie emall effect may'Be due to a time variationvin the eensi=

tivity:of the probortional coﬁnterso_ The‘geometny ie such that high

energy pairs have a longer path length in the proportlonal counters and

therefore a greater probability of belng recorded at lower efflclencyo
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‘There was in fact some indication of a slight deterioration of the sensi-
tivity of the proportional counters during the run. 3
R(t) must of course be corrected for the variation in the sen-
sitivity of the pair spectrometgf resulting from the fact that it detects
a variable fraction of the possible combinations of pair fragments for
a given E Y as.mentioned hreviouélyo
‘ Uncertainty in the theoretical curves in the energy region
~ below. 120 Mev will result in an insignificant error in the final folded
.theoretical curves because both the theoretical curves and the kernel
have low values in this region. The effect was checked by a fold per-
formed omitting the tail below 120 Mev of the theoretical spectrum for
%CD( =2=-00 , This spéctrum was chosen because it would show the maxi-
mum effect since it has the largest values below 120 Mev of any of the
theofétical spectrao- The result is shown in Fig. 8. A calculation
based on the analysis of the déta as described in Part G below shows
that this procedure results in less than a three pervcent error in
evaluating the spectrum for’ﬁc°(§“CXD for comparison with the experi-
mental results. Since the theoretical.data below 120 Mev ére certainly
valid to séme extent the effect on the fold of any error in this region

is insignificant.

F. Background Factors

Consideration must be given to the fact that processes other
than the radiative capture of the negative pion may have taken place
when the deuterium was introduced. Besides negative pions, positive

and neutral pions, protons, neutrons, and gamma rays are produced by
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the 340 Meu protons incident on the heavy element primary target. Some
of these particles can certainly give rise to high energy gamma rays
when they interact with the deuterium. These interactions are now listed
in order of their importances

‘1. Charge exchange scattering of either positive or negative
pions can pnoduce neutral pions with their consequent high energy decay
éammaso A calculation based on the charge exchange eross section for
negative pions reported by Fermi et a130 and assuming charge symmetry31
'glves an effect whlch is less than one per cent of the measured radia-

32

tlve.captureo Wilson and Perny observed a cross section for charge
exchange scattering of positive picns‘in deuteri um which confirms this
 limits ” | | |

. Strong evidence that Charge exchenge scattering is negliéible
in the present eﬁperiment'is given by~the‘result of previous experimental
work on the capture of negatlve pions in deuter:mmll"26 Attempts to |
observe gamma emission from neutral pions resultedvln a nullveffecto

2oh’Direct production of neutrel picns by straylhigh energy

particles incident on the deuterium would also have shown up in the
prev1ous deuterlum capture experlmentso The nullveffect mentioned"
"above rules thls outo |
} 3. The cross sedtion for inaflight.radiative'capture_of pions
: in hydrcgen calculated by detailed baiancing, giﬁes:a result less than
one per cent of the charge exchange.crose section. 'This'scurce of high
A energy gammas 1s thus altoghether negllglblee "
The accidental ungated quad rate was approxlmately 1. 3 counts

per minute_compared with a total gated quad rate of 2.6 counts per
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minute. The data, hoWevef, show very little‘évidenCe of accidental in-
f\fluendé°? Triplés (coincidences between three geiger chapﬁels), double
‘béir and other pééuliar events comprise less than ten per cent»df the
;data‘wheréas the "singles", gated geiger counts of only one pair frag-

ment, give approximately the same counting rate as the pairs.

Go ‘T;eatment of the Datav

| The reduction of the raw dgﬁa frqm,the pion capture reactions
:‘requires the normalization of the ﬁackérouﬁd counts to those of the X'H
and ](D signalo> The background runs are made.by evgcuating the high
~ pressure gagvcylinde;a.,Aqy_normalizationvprocedure depends on some
method of evaluating the relative beam intensity and detectioﬁ efficiencj
from one type of run to ahothero ‘So ﬁuch.beam time would haﬁe been lost
to pumping_procedurélthét no attempt was made to alternate short runs
of'déutériums hydrogen, and background.

A To explain:attemﬁtéd normalization procedures the follqwing
ﬁoﬁation is used. “Doublesﬁ-are coinéidences between bothvsides of a
single proportional‘cquntero BAshbys!" are ﬁeutron.monitor countse.

"Gated quads" and "pairs" were defined in Part Bo
"Doubles" were investigated as a method of monitoring. Com=
parison of variousrratios howevér»such.as "doublesﬁz/"doubles"z ’
Wpairs"/"ddubleS”, and "gated quads”/ﬁdoubies" does not show an internal
~ consistency for runs of a given type (ioeoy hydrogenrgas, deuterium gas,
or vacudm) which is reliable to ten per cento 'In eddition "doubles™
”>_would be sensitive to any change-inbthe detection efficiency of the pro-
>'portionai coﬁntérso Ratios of "doubiesﬁ/"Ashbys", "gated quadsﬁ/"Ashbys“s

”pairs”/”Ashbys"valso show erratic fluctuations.
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The following normalization procedure was the one finally

adopted. The.magnitude of the probable errors of the data were not small
enough to warrant analytical éurve fitting. The background data were
therefore averaged over three energy channels using a simple arithmeti-
cal mean. A smooth curve was drawn through the result. The curve was
adjusted to the data by a careful attempt to balance probable errors.
,This process was repeated independently'for‘the two other possible Vays
. of éombining the resﬁlts of three eﬁergy channels. The values of all
three smoothed curves were tabulated at one Mev intervals and averaged
to give the values for the final smoothed‘background curve, which was
plotted on semilog paper. This same procedure was carried out for the

e

for contamination of the deuterium by hydrogen. A mass spectrograph

and f{D signal'data° A small correction was made to the ~(b spectrum
analysis of the deuterium showed a maximum of 1.25 per cent and a mini=-
mum of 0.25 per cent, depenaing on an unknown fraction of D*’from frag-

33

mentation of HD””. The effectris so small that the extra effort to ob-
tain an ‘exact result was ﬁot considered worthwhilevand an average value
59@VQ97§“pgxmqent,wa§bu§ed;for the correction factors _
, The preliminary ﬁheoretical resolution curve23 mentioned above
éhoﬁs that the half-width of the }(H signal cannot exceed three Mev and
the signal mﬁst be béiow one per cent of its peek value beyond ten Mev

. on either.side of the peak. It is, therefore, possible to ﬁormalize

the béckground tovthe f(% signal by matching slopes of the ﬁwo curﬁes
excluding the region within ten Mev of thé peek of the ‘(; signal

L (Fige 9)o - It is estimated that this normalization is good to better

than five per cent. In any case, because of the strong peaking of the
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signal as a result of the improved resolution, the resulting folded
theoretical spectra are quite insensitive to é five per cent change
Jin_the_normalization factor. This was checked by comparing résolution
curvéé-resulting from twe different normalization factors. The'twd
curves weré indistinguishable well within the.probable errorse.

It will be noticed that the background data fiﬁs too high in
‘the low enefgy portions of the.curves and is balénced by too low a fit
in the,high energy portion. .Adjusting the fit (five per cent lower) so
that the background agrees best throqghout the low energy porticn simply
éddsva long, very low intensity tail to the :esblﬁtion'éurve (approxi-
mately one count per channel). If the fit:were adjusted seven per cent
. higher it would be in best agreement with the high energy portia_n which,
however, includesrléss statistics than the low energy portiono

The normalization of the X/D signal is not so straightforward.
Here no assumption may'bé made regarding'the'limitation of signsl in-
' tenéitylin the epérgy.region below the éeak siﬁCe the shapé of the spec%
trum is unknowno The background was theréfofe norﬁaliZed,using three
| aifferent factorss 1. best fif;YZDIfit to high energy signal; and 3;
fit to low-énefgy signai‘(Fiéo 10). The finﬁi'result was evaluated
using all ﬁhree factors to check the sensitivity of the date to the back=
ground normalization. The high and low nofmaliiation gives a result in
disagreement at most 0928'Mév5 This effect‘is included in the probébie
error. It will be noted that the regioh of:eﬁergy dependent losses és,-
shown in Figs 6 lies béyond any signifiéan_t XD signal for ary of the -

- three normalization factors.
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In Fig. 11 are shown the raw data which- comprise fhe_background,

the \(H signal, and the YD signal. The smoothed backgrouhd curve as
finally normalizea is also shown. After the béckground normalization
factors were established the smoothed background was subtracted from the
raw Y-H and XD signal da%:a; The result (Fig. 12) was corrected for
energy" dependent jfacto.:rjs' (Pa;pt E)o

. Thé_.énal&sis of the data was madé by evalﬁating a weighted first
moment of this net experimenté,l data for compariéon with the weighted
first moment of the folded theoretical curves. The weighted first moment,

M, was determined as follows:

M= =
- _ME
> il

' 2
7t A+ - A
0.675\ mA.jS AT -1 )\/:] +(o,(,75)n';

=

.. m, = number of counts in channel i of the background effects

" where Wf‘ =

ny _:.,_»numbez" of counts in channel i of the YD spectrum
ﬁi 2 ng = mj
.F- = enérgy- dependenﬁ V_correctio‘n factor (Sec. II, D) B
)/: backgi‘_ound normalization factor.
The same weights, Wj, were ﬁsed in the determination of the weighted -
moment of the experiment‘al. data ana ‘the theoretical xcur\_reso - The probable
error of t}he‘”'ca_'v[.culat.ed vall.le‘ of M was detérmined by the law of propa~-

gation of errors.
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M was considered as a furic.fion of ..oné _Variable only, Nj. The contri-
bution to the error in M f;rom’ the error in the combined probable error
of the signal and Eaékground is of the second order and was neglected. |,
"M was ‘determined for all three backgrouhd normalization

* factors for the 2{, ‘spectrum.” The quoted value of M is based on the
"best fit" (see above), The two :qther nox_'malization factors resulted
in M values differing byaM =+0,18 Mev (using background fit to high
energy signal) anda M = -'-'OolB'Mev_" (u§iﬁg background fit to low energy

" signal). The final error was evaluated ass

GAT T




, =23=
. TII. RESULTS AND CONCLUSIONS

The parameter chosen for coxﬁparison qf the experimental data
with the theory is the weighted first moment as defined above. The
position of Watson and Stuart's theoretical spectral_8 on the energy
scale, relative to the observed XD spectrum, is established by the ob-
served YH spectrum as described under the folding procedure., The most
probable value of e o\ corresponding to the observed YD spectrum is
then determined in the following manner. The weigh-ﬁed first moments of
all the theoretical éurves are plotted ‘in Fig, 13 relative to that of
the spectrum for HKz 0 Mev as .a function of ACK. A smooth curve is
drawn through these points. The weighted first moment of the experi-
mental X p Spectrum relative to that of the spectrum forh CORz 0 Mev is

=0.43 Mev with a probable error of t8:28 Mev, This value is ﬁlotted on
the curve and the corresponding value of ‘HCt&ma& be determined by in=-
spection. This leads to an ACK = -12.6 t%g:g Mev or XL = - 15,7 x
1012 cm with limits, based on the probable error, of -1 = - 8,7 x 10~13
cm and tf\"l =, the iimiting value separating unbound and bound states,

It is seen that‘the results essentially‘rule outvthg "no
interaction" case (“F\Cﬁ‘\; -o0) which lieé outside the measured“valu‘e by
6 probable errors. ‘The probgble error is still too large, however, to
conclude thal.t”the dipeutroﬁ is aef initely unbound.

Ep approximaﬁe ev_aluation of the cross section for low energyv
neutron-neutron scattering may now be made. . Using the Equations oh
page 7 it may easily by shown:

~ i

o~ : ‘
"N &R R RE+ ALK
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The total cross section - for low energy n-n scattering has
been calculated based on the value of X ~1 = <15.7 x 10713 cm as de-
"duced above and T, = 2.65 x lOml3 cm from p-p s'catteringzoa The

result is shown in Figo 14 U ,_, for E = 0 is 30.8 barns.
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VI, FIGURE CAPTIONS
Schematic of geometrical arrangement.‘of“éppératus°

Schematic diagram to show how first order horizontal angular
focusing of the pairs is achieved. The geiger tube array is
grouped about the focus line as shown in the insert.,i :

I‘H(E),'the energy épectrum of the gamma ray from the process:
T+ p—3nq YH with background subtracted. . The data have
been corrected for energy dependent factors (Sec. II, E)é

Schematic plots to show 'that the fold ¢ (E) is unaffected by
a change (+At) in the assigned value of the kernel. The
solid verticel line designates the assigned value of the ker-
nel in each case. S

Flot of the folded theoretical spectra; i.e., the theoretical
spectra as deduced by Watson and Stuart1l® folded with the re-

" solution function, R(t - E).

Comparison of the gamma ray spectrum from T{ O production,
measured by present -pair spectrometer, with a spectrum due to
Crandall?4 corrected for energy dependent losses.

Expected distribution of measured energy values because of
radiation straggling by the pair in the converter. A primary
energy, E, = 65 Mev, has been assumed for the electron.

Fold of the kernel with the theoretical spectrum fbr)‘\w‘«'-’ -0
showing result of omitting the tail below 120 Mev of the ’
theoretical spectrum.

Smoothed gamma ray spectrum from T~ + p —3n *"YH showing
normalizastion of smoothed background spectrum. Both curves
are uncorrected for energy dependent factors (Sec. 11, E).

The peak structure is omitted.

' Smoothed gamma ray specti'um from T~ 4 D =3 2n YD showing

all three normalizations of smoothed background spectrum.
Both curves are uncorrected for energy dependent factors
(Sec. II, E). ' :

Unadjusted data showing gamma ray spectra from (L)T=-4p—>n %YH;
(2) M= 4D =3 2n<+ ¥ p; (3) background effects. All data are

uncorrected for energy dependent factors (Sec. II, E). The
best fit of the smoothed background spectrum is shown in each

- caseo
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Gamma ray spectrum fron [~ 4+ D =—3> 2n $ Y with background

subtracted. The data have been corrected for energy dependent
factors (Sec. II, E). Both linear and seml-=log plots are shown
with the statlstlcal probable error.

Plot of the ‘shift of the weighted first moment of the theoreti-
cal gamma ray spectra from [T = 4 D == 2n ¥ YD relative to the
theoretical spectrum for ACX = O Mev. The position of the
weighted first moment of the experimental data relative to the
theoretical spectrum for il = 0 Mev is shown with the calcu~

- lated probable error.

Total cross section for low energy_ n-n scattering based on the
value of the scattering length -1 g150';':{10“’]-3 cm as deter—
m:Lned 1n Seco I1I.
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