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PROTONS AND DEUTERONS KNOCKED OUF OF NUCLSI BY 90 MEV NEUTRONS
Herbert York

T. THTROINCTION ,

The imelastic procssses which take placs when mucled are bombarded
by mwleons with enorgiss up to a few tens of lev, or by elpha particles
af enargies up o 50 Sy, are well dessribed bty Bohr's (3) theory of the
oompotnd mucletis, The fundemewtal ides of this proosss is the following.
In this anergy yange the miclsonemolson cross ssation is of such a magnie
tade that the meen free peth of the wndlecm in nuclesr matter is very saall
sompared o miolser dimensionss henos the impinging partiocle begins to lose
1ts energy Limsdistely upon enteriag the wusleus, The suclsons which it
strikes in turm go only & short distance before they interest with other
»M,M@ﬂwmmwwmmﬁmﬂiﬂoumw
" 1sss evenly distributed smcog all of the mlear perticlas, ineluding the
fapiaging cae wilah 15 mow eaptured bessuse it no longer has enough ensrgy to
sseape. Yhe mucleus, tims exnited, may yveturn to the grousd etate, either
by grma or particls enission; both of these proossses being slow cowpared to
the oharacteristic anolear time (the tims it takes for a mucleon of & few
Nev to travol s distanse of the order of « wuclear rading). Particls smission
ummmmum.mamwmmoma
sxoitetion is sufficient energy comosntrated on one particle to smabls it to
ssoape the wuoleus. '
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From the above, and from the fack that for exoltations of more than
about 10 Nev perticle emiseion s more probable than gomss euission, & few
qualitative stateneats conowrning what will happen in tie deeexoitation
of the compound Nuolens cua be sede, Firet, the secoadary parkinles will
graerally e ueutrons, sisce & smallst concentration of emergy s mneded
in this osse tha for charged particle ssissiom, The ressom for this is
et & oharged partiols requires sone additiomel ewergy to taks it over
the coulomb barrier, Seoond, the wmmber of secondaries will be roughly
aqual %o the energy of the impleging partiols divided hy the bisding esergy
por perticls, Third, there will be no correlation batween the divegtion of
the enttted and iupinging particles, exvept fur a slight comcsatation
forward due o the comparatively low velooity soquired i the collision
ty U coapoust amclens,
| Since & bentoc asrumption of this theory is that the meen free path
fob muclecns 18 wielssr satter is very mell conparsd to wuclear dimess
slons, we should axpeot the theary to bresk down, at least in part, at
mmwmdmmhmhumhumm
with energy. That this breekdosn might be expsoted is the case of bowbarde
mant by 90 Hev neutvons Sa shown by various sxparimsate dome st the fsdias
tion loborutary. The total 90 Mew moutrom dross seotiom sespuresents
of woutlten (2) ot o1, and the totel and tnelastic eroes seotion weastre-
memte of Dedvrea and Xuable (3) and Bratesald ot 1244) show & comstaeranie
"ysnepatenay® in the oase of 1ight miclel in partionlar, which indisates
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 qualitatively that the mean fres path for these acutrons in muoleer

mattdr 18 of the order of the miclear yedius, From data of this type,
ggia&vﬁhuv_s-t.%g*?lﬂntﬁs
88 45 x H.& A velue close to this was aleo previously estimated by

the oomstext dsneity of wulear matters

alitatively them, the sequence of events in sn imclastis proosss
a% these high emergiss might be expscted to be the following.” The impings
ing meutrom strikes a mucleon $a the mucieus impartiag to St s approxie
mtsly arbitrary fraction of its emsrgyc®* This struck sucleon 15 moet

. 3kely to be & protom becanes the m~p cross seotion ia seversl times

lsrger then the wen oross ssctio (7). There are at this potat teo fast
mnlsons poving in the nuolsus, which, decsuss of their high energy, my

sither collids with edditiomal perticlss or escaps from the muoleus without
further intersction, Thus the immediste emissiom of ome or move fast partice

208 may acour, followsd by the formaticn of a relatively loag-lved oompousd

wsoleue of the type descrided by Bohr, The fast ssoomdaries mey be either
charged or uncharged without prefudice bsoause of the relstive swallness of
the coulond barrier, Rutherwmore, if one of the secondaries $s a protom, -
its direstion of enission would be expected to be corselated with that of th:
ispinging moutrom in roughly the same way 63 in wep souttering, that &s
foster ams forward, slowey cnes ab largny anglss 3?&33@5:3#!
boan,

%ﬁgee ﬁﬂgzgsgg |
s
Deriaitas B, 365 (1937) ank vy Fu Becos 1a waa. Bumes 1. 895 (2941

éﬁgggﬁuvi §€&§§3§
that Eggﬁég
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A dateiled caloulation of thess predistions has besn given in
paper by Me Lo Goldberger (6), wheve he hes teken into scecunt such fae-
tors as the internal motion of the mulsons o the mnolsus and the effest
_of the exnlusion prinoiple in a muolear systam considered as a degemerate
Porul Oas.

The object of the present work wes an expsrimental investigation
of these high energy chargsd secondariss, The molsd frvestigated were
oarbon, oopper and lsad, The chesrved phencmen: do mot follow wery close~
1y Goldberger's datailed snalyeis, but do follow the above qualitative
foatures, exoept for one impurtent exveption, namely a aomparatively large
yield of sesondary deutsrons and tritons.,

, Ohosrvations of this latter phenomenon were wade simultanecusly and
reported by High Bradrer(®) (using photograshic plates) ant K. Broscimer
an ¥, Poren2 (9 (musamm)unnﬁm suthortA0),

ﬁcmnm(n).
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< euergy the type ean be amma by any one of these threo mossurenents,
| ﬁmr, &tmamufammwpwbima. itumaammmm‘

.‘fhw a'alatim is that the rangs of a mgad paruem (.

mmwntmmmwmmmmwm

',Wmmmmofammarmmwwfmmmw
"',amnhavaammmgmgmmzm@ywmmm. T

'mmwmwmmmammmm@mmw

_.W,MWW@WW&M&%&MWW@. BRI

?oralmmtypaofmuleﬁ‘e. pm%n, dm&em,w@riwm )
t&wmﬁm) thaener@eanbnéetam&naﬁbyammntofimﬂ,ﬁ. '
“'“u..feramrmhafknm '

aﬁml%mmlyswtmeft&mahmnqmﬁuwmw&rmmmw‘
ths em and enoreys Host of the nesasuremants o bo déneribed neto wore

cade with the !!/omecn‘io ionimation combisations The ﬁ/ow eombmtm .

mmﬁmnm@:eheakmmmm. Aawemaem&msmﬁm
mauws, all t&m mt&tm wors mama mm'&ammly m a i‘ew oam.
%mwmmmmmmwmmmw and ewgym can
derive a number ot ugeful ammt&ms hem thage variomis qm%iﬁiem .
ov thon on elese
m)mmmﬂamaltoﬁ.mmmmmﬂwmh&w, thamaboraf
mm&wmammwwummmmswmmm.
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end the nature of ‘the material through whioh the particle is moving,

This relation is quite acourets for protons between thiwe lev and seweral

Inmdred Mev, and for other particles of corresponding wlooity) although

for the use we shall meke of it, its degres of exsstness is of no parti-

cular inportance. |

 Henoe, we have for & partiols of mss n and charge q1
R=k(g.me""

and thavefore the epeoifio ientmtion, I, 1s given bys

S L ’
L AR ~ 18k(gm)E"SE

Now, it 1s well known that for non-relativistio energios I depends n B
only through velooity, and that I s proportiomal to the squaxe of the
M.”m‘

_Iac ;2 1[(;6‘) |
and therefore . |
u(g.m) = ZT;Z?

and so we have

!/
k /.8 ,mo.ag’-

= oe & =
R PRETTa -z TRTE

wmvmomamthaummwmdmmhm._
- Combining these equatione and the axpression for emergy in terms of

2 - 1
B -2 - £ = (He) 2
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no got the following useful relations:
L= k 1"_.___?1_6
(He)

0.72 0 9
He k/ ;”o vy ,Q 26

AL o.vY
-m

'I=/<",L;7W—
where k, k', k" depend only un the saterial through whish the particls is
novinge . | v :
By using those equations, we can caloulate the folloving tables

Particls Fwaﬂmﬁﬁ,@' " Por a fimed range, Fwafwdmm
the relative I 4s:  the relative M, iss t&mmktﬁmtm

{ Proton P B o

e — 308 e | L

Triten I 5.0 2.2 | 1.63

= 85 | L6 | 3

Prom the table ono oan see that the graatest difference in behavior

- for photans, devterons and tritens coours for a mam;mmnﬁ of T fora
fix0d Hoe The loast distinstion oooure in the oaso of the YeRange combinas

Liche
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ITT,  GEVERAL EXPERTMERTAL METHOD
A Arpmnsemant of Cesponcata

Pigure TIX-l shows schematisally the experimental arrengement used,
The verdous components will be disoussed in dotedl in Seaticn IV,

90 fev netrtrans are produced by the stripping procees () whea 190
 lov doutarans striks the 1/2° Bo targst as shown in Pigure IDT-l, Thoss
noutrons are eollimated by a 2° hole through the cancrete shislding sure
rounding the cyolotron and by the stesl plug inserted into this hole es
indtoated in the Figwre TII«l. On emerging from this plug, the bean has
a regtanguiar croge seotion of dimensions one inch by one and o half inches,
The neutrens then pass betweon tho poles of the pertdcls enalysing magnet
which s placed about eix feet from the exit end of the ocollimetor, The
dincnsions of the poles ave 12* x 30", the pole gap 4s 1 3/4%, end the
1014 can be adjusted to any valus up o 15,000 geuss. A seabiersr is
" placed in the bean whore it anters the magnet, and a slit defined ty lesd
bricke 4o placed at the other end of the magnet, A counter telescops
consisting of three propartional counters is plaoed as shown about 207
boyond the slit. Time the charged seoondariss from the scatterer travel
alang @ oivoular path bstween the terget and the sldts, and along & straight
path from the slits through the counters, Prom the redius of this erbit,
and the valus of the megnetic field, the Hp of tho partiale, and henos its
onergy, if it » and q are known, can be found, Figure III-2 chows &
sohenatic diagren of the slit system end illustrates tho deteruination of o
and 6 {the engle of emiscion of tho particls relative to the direction of
the noutron beam), It ¢an bs ssen that
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P: AB | » 6 = 0<-C/
2.4 P 5 .

vhere 7/ tho angle botwoen the tangent line (axis of somter teloscope)
end tha 1ine oommecting the coatteror and slit, m«mmmmm
'mamzmarummmmmmmaum(m' The uncertatnty
in 0 48 wry sensitive to the wncortainty inf, the relstin deing o3
follomst

o P A

e ' .
.o

we bave e
-E_":—~2C0‘r.¢d(p

How,since the tedil of curvature of the particles we are concerned with
mm(mﬂ)wwmmmogmwﬂw:w).fu

quite small, boing 15% ‘Therefore,
AE P
| ¢ x g of | | | |
vhere %iﬂ the fractional error in £ correspording to an error of 8¢ 4a

/. momoe, an ervor of ono dogres in tho dsterainatien of ¢ results in &
U$ error in the valus of B. S | -
‘Bocsuse of this large potential error in the energy, it was decued ade
viseble to have an additional wesns of measuring the cmergy of the perticles,
Therefores by mans of mthodto bo desoribed in Ssetion IV-D, the partie-
les thomselves wers made to measure the Hp, Tho egreement botmeen the
moasurancnto made by these two methods was quite good, Tor imstance, &b
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0°, the redius as found from gecmetry was 60", and the vadius as meagured
by the particles tggw

B. Qomter Lynien for He-Gueciflc Jonisstdon Mathod
In the Ho-ionisation mothed the first o ncszuig&gﬁi

« telesoopo 4s used to determine the spasific gﬁ&ﬁ%aggg the

other two, vhich ave placed in elestriccl coincidence with the rirst, ave '
used principally %o eliminats the large mmber of wmmted pulses produced
AAn the first tube by particles couing from rendon direotions, The ifonisa=
tion produced n the firet tube is moasured hy means of o ten chamel pulse
hoight anslyver construoted by Clyde Wiegand, and based on a Los Alanos
noce ™, Absarbers can be placed in position A, alloving tho making of
& rangs measuremont which can be used ao an additionsl eheck om the mature
of the rediation detectad, |
¢.  Qoumnter Svaten for e Banis Methed

In the Hy-range measuresent tho sase sot up 1s used with the abearber
&t A now bedng an essential part of the cpparatus, The rango s determined
by the nethod of deseneitization of the lest oountor*, In this method, the
Jower 1imit of the rangs of o particle (ond honco its anergy AC ita charge
and mags are determined Yy other means) 1s set by the thicknsss of the ab~

. porber A. An upper limit to i%s rangs is pet Iy making tha last comter
sensitive auly to those particlas having more than scue predetornined speeis

ggwg and honoe having lees than a certain vesidusl) range, oinos,

&ggénﬁogiggsgagﬁ
eomneotion with the nep scattering experiments done & aggﬁg
Iahoratory, See footnote 14 for reforences.
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IV. DEPATLS (F APPARATUS

A. The Meutron Dess

The noutren beam, produced and oollimatod as described in Seotiem ITT,
hao a sonsiderable cnergy syrecd. Tho spectrun as measured superimentally
ty tadley ot 1) ant Brusciner ot 1% 40 comeotion vith nep seattar-
ing axperiments showg a peak with a maximun at about 90 Myv, and a half
width of 25 to 30 Hev, Figure IV-1 is a reproduction of the spectrum
&8 given in tho paper by Hadley et al, Tho solid curve shomn is ths theore-
t40s) cpeotrux dertved by Serber\i2), |

48 desoribed sbove, the besn is collimated o a rectunguler oross
section which noagures 1% vertieally and 1 1/2" horisantally. By placing
o long oopper bar in the noutrom heam in such a way ss to shiscld the scattere
or from the divect besm of collimted neutrons, we have found that less than
1% of tho effects ryeported in this paper are prodused by neutrons other
than those comdng directly from the cyolotrea.
B Daansh |

A photograph of the magnot 1s shown in Figure I¥=2, Ib 45 one of
thres gonerel ubility magnets sonstruoted at the Radiation Laboratory.
the poles are restangular and msssure thirty Ly teelve inchss; tho pols
gap 4s ono and three quarters inches, The current to the colls is supplied
v an slsctronicelly regulated motor gensrator set, )

The fleld current salitmation was meds Ly Duans Sewell's magnetis
measuremsuts group. The £1s1d can bte varied contimuoualy from 1500 geuss
up to 15,50C gauss. The ooils are air cooled end consume 7300 watte
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(150 ampevos, 50 volts) sb the naximum field strength,
. Eeatterers sod Slite

The soatterors are carbon, sopper and load rootanglss three inohes
long end ano~half inch wide, mmpwmmmmmmmg
dimension vertieally, Mummmwwmmm
to the direstion of eslseion of the partioular particles being stutied,
Msmmﬂmmmemmmmmmm,mwa '
ameld portien of 4t horfeontally.

mmmaaorwemmmmmmmwmmm
mmammaymammmwamm&mgem
mnghmn@vmﬂ&s%mkw&thmﬁh&ﬂngammwm
 ehergy loss in the scatterer, Ths value chosen was ene-eighth inch for
ell thres materfals, Caleulations shoving the offssts of the thiskness
on the measurenonte ave given in Section VII.

ﬁnam'(waemmymmpxmam-a)mfm
by plasing two load brdcks in the magnet gup nour ono odge. ZThe dricks
were too inches thick end four inches long, The clit formed was cne-half

© A dotalled schomatic drewing of the counter telssoope ds shown in 1
Pigure IV~2, The firet tubs is the one used to meanure the opecifis lonSzas
tion of the particlss, In tha enorgy renge of interest here, the spseific
lontsation 18 quite small, being for instance 8 kev/en of Argon for 100
#ov protons, The firot tube has therefore been constructed with &



@] Ow

mm'm(umtwammmotm@mmm)«
28 ony 60 as to provide ressonably lsrge puless, Having the tubs
rather long conpared to its diemeter also aids in reducing the importencs
of erd effocts.

The construction of this counter s quite simple, It consists
of a bress aylinder with an inaide dismeter of two inches, sealed at the
ends with two mil durel windows which cre held against rubber geskets by
& standard ring and flange artangonent, The anods'of the ounter is &
five mid nickel wire supported at each end by heavier copper wires (.050%)
which paas tirough the walls of the tubo through Kovar gloss seals. The
otunter 4 evacuated and filled through a refrigerator valve placed as show:.
The gea in the counter consigts of 97% ergen plus 3K 0O, ab sbout 1.1
staoopheres pressure, The oounter is mormlly operated with the trass
¢ylinder at ground potential, with the asode at abmtmmﬁ'mi:ﬁw
potahtia&. | | ‘

| Vardous fovestigations of the operating characterdetics of this
memmemm‘(.m)mmeawﬁ
to onit alphas either along a Mno parallsl to the anods or perpendicular
o 1%, The gas amplification and the vate of chango of gae amplification
vith colleoting voltage (nemsly by & factor of two per hundred volts)
were found to ngres setisfactorily vith results givem by Diven end Rossi(16},

A typlesl spootrus of pulee heights from ona of theos Bo sources o
shomn in Figure I¥e4, The positicn of the souree (in the £1lling tube)
10 olso chomne The distritwtion 18 seen to consist of a pesk with a half-



gsev 20

20




R T A S B S T

Taa : - e . .

o %‘@" ¢ Hagowd .
5 : . _ o

.”"ﬁ

MICA
(40 mg /cm?)

" CROSS SECTIONS CENTERS

@

—SIGNAL"

SIGNAL -~ -

COUNTER TELESCOPE |
FIG I¥-3 c .

13601-1



oLl

wAdth of ebout six parcent of i%a valve, plus & low energy tails
mwwm«mmymmnpm‘mmmm&wm
wmnemmwmuhmmmwammmmmmmmm
tubs. The pulse height distribution ohtained in the case where the
-WWMMQ»MQMQMNE&WWM&M
M' /

mmmmmaammazmmmm
naumnpmm.mﬁmmpuoﬂbym.mmwhm

The Tequivements placed on the second and third oounters of the
WmmMthuMmtmmmﬂ»ymW
wmummamotwmmamm Mymmﬁ
et‘tuohmsel»l&s.ﬁthw&rdmwum,mdwithaamﬂowmwaing
Wﬁwtmm. mmammmmmm,mm;m
shall 15 the high voltage electrode, Tho wires are supported, as in the
case of the firgt tube, by ceens of @ kovar seal ertungspent, end ere
ummatmmmguwatmmmwmm
 of toe firet tubs of the preamplifier)
| mwmmhaumw~muwimwalmpm
(4" x 4*) 1n the plane perpendioulsr to the axis of the talescope. The
'mm&uumwmwtmﬂmwwm:mmw
mmmmmmmawm“pmmm
of this tube in somo of the proosdures to bo disoussed, I onder %o
mmatme@m@m‘mmsmmuuww'
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place thres parallel collsoting wires in the tubs in ouch & way that

a1 particlss pese within et most two om of scme oollecting slestrofe.
Thin (1/4 mil) cheots of dural are placed betwoen the wires and st high
mogative voltage with respeot to them, so that there are high eleotric
fie1ds at all points in the counters - |

E. Eecixonios

The elsctronic equipment aonsista of two partes & set of awplifiers,
prommplifiers, and coincldence gate forming units built by the Klectronice
mwmmw&mm:muwm
mmmmwm»mmm)nmmmmsm
nmm, and built, with eome mmmm, Yy ¥, aolm m
mmmnmmmmumw. Ablaokdumofthmm
15 ehown in Pigure IV-S,

The cutpub of esch of the three counters is treated aliks at fisst,
in each case the signal is fed into & preamplifier shich hae & gein of
eﬁutzo,mwgn'mwaammmmm,wmhmnmhm
ranging between about 1000 and 16,000, Easch of the pulses frem the first
mwmmmaavmaﬁumm, e!’nh&ohmwmaehy
unu,m«tmwtmurmam.mmummmfwm'
10 mioroseconds, thenos to the registor puloe gensrator, and theno,
neglacting for the moment the box marked ®ooincidence unit®, to sach of
the ssalers shown connected to the pulse height analyver, Only cve of
thoss moulera fires howsver, which one being datersined by what happoned

i
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«ogs%gnﬁao»zszps This other part of the pulse, whose
?Qﬁﬂ?ggewstgﬁmé@gg?a&ofg
 anplification £t has vecsived, %8?3%.3»8?5&% The
analyser oconsists of ga%ﬁsr sach of which respands cnly to palses
.s&g%pxg%s within a certain range, When one of these chuxnels

: goﬁpaoo oertain palse, it resdiss the soslsr opposite, and only that

Sﬁgsﬁpgg?%uﬁsggmg ?%u&
deoigned 6o that therw is a wide cholos of the pulse hoighte to whioh o

given charmel is sensitive, ?%oﬁgaguaa@fdwg r twd,
five or ton volte, each channel covering a renge ixmediately adjecent to
that of ita nearest neighbors. ¥hen the ohaznel widths are five volts,
the lowest chamnel oan be set to comt pulses with hoights grester than
eny mdtspls of five volts, from five to one hundred and twentyefive. A
sinflar situation holds for the cass of two volt chanmels and ten volt |
| channels, & pulos haight gencrutor which pute out pulses whose heighte |

/  wavy Ltmearly vith time in provided with the mit, and ic used to calibrate

© the channel positicns.

. The puless from the other two sousters follow two identical pathss
Bath is delayed in the "delay uait? for ten mierossconds, and then fed
into the "gats forming wnit® which produces uniform squere pulses fuor

. sdorossconds in length, .gigiﬁgaﬁa&u&uﬁsgﬁ
Only 3£ theoe two gatos wrrive at the coinoidence wmit at ths sane time
a8 the yegister pulse san tha yegister pulse pess through this wnit end on
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V. DETATIS (P MRASURRUENT, HPeSPECIFTO YONIZATION METHOD
A Pxinary Adiusteents and Drpiacl ot of ela

Aummh.MmmW%Wmﬁﬁthnmtm-
ing angle 65 09, g Plald of 7400 geuss and & 0 of 60", With these values
of H end 9 the particlss being detooted should be protons of about 63 Nev,
and deuterons of about 31 lev. In ordar to adjust the overall gain of the
oounting systen {slectronic gain times gas mltiplication) & 1/4" polyetiye
m,(caz)n,mmmummmmmtmmumm
wmc,m.wmmsw.,nummmmtmmu
thwwmwmammmmmmm.
mathumm.umMmmymmmmmm
frow n-0 interacticas, The pulss height cnalywer ia adjusted so that the
channols are five volts wide, beginning et five voits, mmd then the overall
plse axpliffcation is adjusted so that mat of the counts from this scatter
nmmmmmwmmm,mmmmwm
'o:mx. Under these conditicns an edditicnal seall group of oounts, oaused
bydwhms,uillhotmnﬂwmwpurmm That the prine
mmmmzauo{mmmmmmwuww
replucing the (GB;), with & scatterer containing an equal mtss of sarbon
and obeerving the large decreaso in the mumber of counts making up the
prinoipol group, while the other group doss not ohange. The identity of
the particles nay also be checked by comparing the pulse hsight of these
particies to the pulse heights produced Ly the polontin alpha Bouroe which



the aguntsr contains,

FPlgure V=1a showg ths pulse height dlstriduticn obtained in a
M-mmmuaMganmm(mm)ﬂfhmw
ton adjusted ss Just desoribed, and the distribution obtained with no
coatterer in plece for the same length of time (the besn monitoring systen
will be desoribed later). Figure Velb thon shows the difference betwesn
theee two and 1o thus the pulse height distridution for the particles
ariginating in the carbon. Actuslly, those data were cbtained in tmo
steps, cince the yange in pulse heighte shown is greater than the renge
of the pulse height enalyser, The lower part of the distritution wes
obtained with the pulse height malyssr set to msasure pulses having
. heights between 5-55 volts, and the upper part with the analyser working
in the range of 30«80 volts. The muber of pulses foumd ehove 55 volts in
the ssoond eass, all of which are asoribadls to deutsroms, checied with
the mmber in the surplus channel in the firet omse. | |

TV can be sosh thet the pulses £xil into two groups, the lower of
which 1s knomn to cansist of proton pulses, for the ressana given above, |
MoﬁwmhmwhmanmmeWMtMu
great ans the lower group snd thorvefore aconsists of deuteron pulses, A
furthsr check on these classifisations has boen made hy mking the follows
' ing eboorption experiment, A carbon ebsorber whose thickness in equal
to the range of & 45 Uev deuterco (and benos & 34 Hev proten) was placed
botween the pecond and third counters. IO was then cbserved that the'
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uppsr peak disappeared entively, vhils the lower psak was unaffected

- within the statistics, This check was used in « oumber of instances

when one of tho pesks was so small its origin was comewhat doubtful,
‘88 in the case of the very sxall mmber of tritons found at high welues

The beckground oount decreasss relstive to the total ‘count as the
scattering sngls incresses. For exsmple, relative to the total eount
Ssgnu\u.aalagmuu???g&%sgg
16 o35 at 0%, .20 at 120, .10 at 250 and .07 at 450, The beckground

ooneiste chisfly of charged particles produced in the air coluan treverse

od by the besm, end which trmvel along a path such that they oan enter
the magnet and pass thru the alit and coumter system. The length of
the contributing air coluwn obvicusly becomes euch shorter ss the angls
of otesrvation incresses, Tho lesd brick placed just to the right of the
lwggagnug IIZ=1 helps to reduce the background by

»  outting out a mismber of possible paths of deckgromd particles, However,

1t is mot effective when the angls of observation is (°, sinoe then moat
of the possible paths for bsckground particles pass through the region
of the scatterer where it is clearly impossible to stop them, At 25°
' the backgromnd with the brick out s sbout five times larger then with
1t in, |

The individusl counting rates of the varicus eomiters st the tims
the data in Figure Vela were taken ware as followss



3=

Pulses from firet tube more than five volta high « 11/sec,
Pulses from seoond tube of sufficient height to make meke colnoidence

gates (5 volte) = = = = = » = - 35/s800
Puless from third tube of euffiofent hoight to make coinoidence

gates (5 volte) » « @ = =« = = 0/s80.
B. Heniter |

Sinoe the neutron beaa fluctuates somewhat, it is necessary to have
& monitoring systen. memdeuomchh.m.Wn tosted
mwwammarwrmmmmwmmumw.w
oipally by A. Bratenshl, R. Hildebrand, C. leith, and B. J. Naysr. It
'mwaamsmmmmmmmmumm'mm
mmuwmmmmammmmymmm@mmmm
collimating hole, mmumnmnummwmtmmwb.
_m«nm&ugmmmwataQMtMomem
‘-mmmwmmmmmmmmmgmmmmm ',
with & aix foot brese aylinder, Alﬂmxgh the wnnm italt 18, of |
mae, mitiva prineipally only to slow mutrom, it mi%ra thn rwb
mtrmhaminthafollwingwg mtafumtwtmutmwMW
'mewmswwemmemmmmm,
in the outer end of the hole.’ mym inelestically soattered there and
mdmha&itmammofmmmm. uhﬁhmﬂmnm&- .
ed by the concretw, and becomo slow neutrons. ﬁmotmu_m thote
vay to the EP; counter sad are then recorded, In most of the rums two
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such counters were used, one simply serving ss a check to show that the
sensitivity of the other had not changed,
plete Set of Data Zaken at 00 mith 1./8° G doatteres

Figure V2 shows a oomplete pet of data of the type in Figure Vel for
a garies &f different valuss of nagnetic £iald, The first graph am's

the distribution obtained using s field of 4470 gauss. The durstion of the
run was 300 seoonds, as in al) the gsugoceding cases, for both the "soate
tover ih" eount, e.nd tho backgreund count, The monitor during this
ummréndwﬁx&slmmtmvmw. At this valus of magnatic
field only one group of particles ia sesn, correeponding to 23 Wev protens.
The 11.5 ¥ev deuterons which would have the seme Hoare not able to pense
m&mﬁmaMmequmummWw, guch as
the edr, and the counter wmdam The next and sucopeding graphs show
tho distributions obtained at the indieated valuos of H o The momitor
_cowmt yecorded during sach run is elso -ém. Tho graphs ave arranged in
opder of incressing H and therefore increseing onergy of the particles.
'm;m;&mpaaklmhmnmw:gmadmmmrm‘naafm»
height einos the epsoific ianisation decreasss with incressing enevgy. The |
firet doutercn pesk shows up at 6350 gauss end corresponds to & dsuteron
emorgy of 23 Hev. At very high nagnotic flelds the protans ere seen to
ddsappear, end a nev suall peak to the right of the deuteruns comss into
existonce, From its position, and from aboorption messuremente, this peek
is esoribed to tritonse ' '

Ce
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VI. DEYAIL OF HO-RANGE LETROD

4. Lmaxigentol Arzungoment

The magnet, sostierer, and slit systen is est up as in the A
specific donisation method. The counter telsssope 1s plymically the
ormo as befare, tut the pulses genarated thore are treated differuntly,
no pulsc bolght snalywer being usod, The sbsorber betwson the sscond and
lest counters is an essential part of the squipment, ite thiokness being
sasentially the “range” in question.
B, Dosencitisstion Meticd

The desensitiration method 1o s scheme for detecting particles vhose
rangss 1is between R and R ¢/ R, where both R and AR uay have eny pre=
datermined wvalues, Using the counter taloscope arrengewsnt desorided above,
R 1s determined simply by the absorber betwesn the last two tubes, teking
into acoount, of aouree, all other absorbing materisl in the telsscope.
. AR io detarmined by the sensitivity of the lesi counter, ss can be seen in
the folloming consideretions, Bupposs the overell saplificatiom (ges mule
tiplication and electronic gain) of the lest counter and its asscolated
amplifior 4s adjusted so that only pulees with o height greztor thanvm
can be detected, mex, of course, bs proportional to the apeoific
~ Sonipation of the partisle in quastion times the length of ita path in
the couwnter. In ths spplisation considered here, the mmber of particlss
which actunlly stop in the last tube is completely z;ogug:‘.ble, and we will
therefors sosume that all particlos have the sems path length in the



e < )

oounter, fenos, cnly those particles with a specific lonization groater
than pome nminimum, ssy L,, oun bs counted. The relation betmeen the
residual renge of a particle, in this case thedR abovs, end its specific

fenisation was found in Section II-B.

2,5'7”

23m
AR = a—%ﬁ? = b Km_z”.zr

where & is indopendent of the properties and energy of the particle,
depending only on the abworber mgterial end the gas in thes counter, and b
depends in addition on the ovorall anmplifisation, That part of b which
depands on tho gas in the counter end the overall amplifiocation was found
by comparing the pertisle pulses to pulses producsd by alphes froz s
polonivm source pleced in the ceunter, and that part of b vhieh depsnds
on tho dbsorbing materlal, in terms of which mo wish to cxpress/\ R, were
MWWM@MWW%WMWW@M
Enery Qurven compiled by arcn et 17 using the weld imown Bethe range-
energy rolation, ‘

In the use to which this mothod is put here, it is not noosssary to
knov what AR 43 preciselys the only requirement being that AR be muoh
eanller than B,
¢ wmmm

Manwmplo. let up consider the osse wherein the apparetus was
oot up 8o am to obeerve particles leaving ths scatterer at sn angls of
20° with respect to the direction of the neutron besm, and having a nesn



»38=
redius of curvature of 60" in the megretic field, With the elit cystem
used, the epread in the acospted redil of curvaturo was sbout 60 210
inchss, The absorber was e 2.0 gn/er” G elab, ©0 that R corresponded to

an enorgy of 48 Hav in the ease o nmuogm ggﬁn@&&aﬁ.»ﬂ
© the case m%ﬁg g%ﬂ»ﬂ&&%%ggﬁnqﬁa&g .

" so thatR ¢ AR corresponded to 52 Mov in the case of protens, 3&.@?4

?ga%o%gg aﬁgﬁﬂagggg with and
vithout the carbon scatterer in place, to the monitor counts wes then obe |
sorved as for various magnotic fields, .

D. Besuite |

| A plot of the ratin of coinoidence gomnte to momitor (with the beck= ‘
ground count subtracted) as a nﬁuﬁg wgg ¢ £10ld, 45 shown in
ﬁ%ﬁdﬁn It can be seen that for very low fiolds; no particles weve
comted, ggpgvgggggwggﬁ?m:i

to thege small Rpts eﬁﬁgﬁ.«a% ebsorber, As the field increases,
ggggﬁmﬁaa&%%@@?ﬁaggggﬁﬁg
suffictently large o allow them to pemstrate to the last counter, and the
ratio of counts to monitor begins to increase. Eventuslly e condition S8

3&%& whore the largsst mumber of possible pathe through the slit system

correspond to protons having yangee between w§w4>? Under this con-
&a»gggsggpggggg e £ equal to tha mean
redfus of curvature sgosptsd by the slit eystem, $.0, 0", As tho fiold
inorenses further, more and moro of the protons accepted by the slit system
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have snergles such thet they pass undetested through the desensitimed
omnter, and the counting rate decreuses, At still higher fislds, a
- condition is resched where the deuterons acospted by the slit eystes have
rmnhmasndﬁvARmdeMamu%fmtu'&-
served,

nithin the socuresy of this exporiment, (the uncertainty in / was
discussed in Section III~i) the two pscks ave seen to correspond indeed
~ %0 protons and deuterons, ma/urw,mammw.mm
mammmmtmwmnaa&mmmwmmmmn
H & 20400 gauss, Moreover, the ratio betwesen the masses of the particles
neking the two peaks omn be cheoked with greater ocertainty, assuming the q's
of the particles to be the sane, since then the valus of / doss not enter.
Teking the two psaks to bo at 5800 gauss end 9800 gauss, end using the
squations of Section IX-B, tho ratioc of the sesses turns out to be 2,07,

Figure VI~) also shows another curve of the sane type obtained for o
4:0 gu/on® carbon sboorber, the corresponding proten and deuteron cnerglss
in this oase were €8 and 93 Wev, |

The spresd in the redii of curvature acoopted by the alit systez was
made larger in the omse of thess measuremsnte than in the previous case
mm:mmm Both the slit system, which deternines / within
mwﬂlmgeormmc%umomimﬂwA/,m%Wﬂme
systen, which determines R within cooe omsll range of R's charaaterised Yy
AR, are aystens whioh ocan fix the range of cnergies detected within some
range of valuss AKX, In order to interpret the resulta cbtained, it is



necopgary  to havzeAs.as £ixnd by ono of these mgyﬂm be umach smaller
than that fixed by the other, Sinos the AR as Pived by the dasensitised
coumter system is much easier to control and detormine than the \E that
mmﬂmwmmzmm,éfmmmmmym ‘;f’
m,wm,mwmnwmmmmmmmmmm
Pigure Viel, | |

The 1 /~rangs method provod to be inferior in several wiys to the B
 epecifio donisation method, not the least of which was that it takes of
“the order of five to ton times 0o leng to get the samo amount of informa-
#4on, m‘waathmﬁmaﬁtmedaaamm-ot@tt&ngaéa%émm |
of the perticle knockeout processes, but it doss serve ss an sdditional |
a!mckmtbefactthatﬂwdautamyﬁ&ldiaafﬁmmmrwm;:mm

yiedd,
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R L B ABALTSIS OF DATA
A Besoluticn S0d CeMboaticn of Be .
umummwmmwnm“wmrm/
of the particles is made by means of the particles themselves. As an
exampls of hov this s done, let us consider the measuremsnt of /
aguin tn the caso of the 0° observations desoribed in detall in Seoticn VeA,
Tho magnet curvent was set at 45 superes, which gove a fisld of 6800 gausa,
The retdo of proten counts from the carbon seattever (with the baokgreund
subtrectsd out) to the mmitor count waa then oboerved. This observation
was thon repeated with various thicknosses of ocarbon stworbor betwsen the
pecond and third tubes, In this way an sttemuation eurvs of the protons
wes obteinad, Dy plotWing thahmt:o of proton counts to mmitor ommts,
versus ths emergy of & proton which can just penctrate the abecrber
(taking into sccount absorption by the air and counter windows) we obtain
‘the integral spectrun of protons sheem in Figure Vil-la. By diffeventiating
this ourve (actually by subtracting the (n 4 1) st point from the nth point)
a qurve, shown in Figure VIIeld, is obtained which i3 the enorgy distritue
tmofﬂmmmwmhmmmmbyﬁweutmm“mmtm
Tield, ?hemmrsgﬁnﬁhumumnwmﬂ.ﬁm,ﬁthsughﬂy
16es than one=half of the particles falling between 50 and 55 Mev, O
is thus found to be 60.5 dnohes as compaved with the geonstrical value of
60 inches, ' |
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B« Definitlon of Iemxs

The ultimate goal of this experiment is to determins the differential
croes seotion for the production of ssocndary charged particles of energy
B at an angle &, We ghall define this quantity as —a—(‘—{-%—(-:—(’—z.g
(abbreviated in the text by 4U.) where the subssript p stands for protons
and 4 and + will stand for douteroms and tritons., The units of this
_quantity will be milliberns (10°27on?) per steradisn per Wev, Bocause
of the finite resolving pover of ths alit system, this qnnnt&ty is not
meagured at & singls energy, but its eversge valuo between two linits
B, (Qower ensrgy limit) and K, (upper energy livit) 4s the quantity which
18 fouzd., In the following discussion, the above symbol will also be
ussd to saxprese its average value between these two energles, (e shall
fMtMupthaMuhdohmimﬁwotalmr\‘,endtheulst.iw.
deternination of /0 , and then later desoribe the nethods by which the
absolute velus of 47 is found,

In the following we shall call tho moan energy of the particlss acoespted
by the magnet &, and AR, will oharactarise the width of the energy distri~
ation of the acoopted particles. '

Co Imdugtion of Dala Lor the Gase of gn Infinltely Thin Seabiersx

For simplioity, htmmrwtbap.MoIMpruMa
rectangular step function of width B, = 6MMWM.E. - 52 dev,
Then, sitoe thore is & 2° related to 45 (552,221 for amal1 Ly ) ’

e Em Eo«
and em%’w only on the mm,%i’u . mwt.mmt of



=45

onergy. Therefore, to get the relative speotra of the particles at
) cash anigle, we have meroly to divide the relative cownting rate cbssrved
at aaoh m@stm mm by Bpt
AT (8,€) > o Me (&)

A dE / petative (P1ex) £m _
Theve B,(6,5,) ia the musber of protens comted, (Hon) 1o the momiter oouts
‘ Maomhawthafoﬂcv&ngobviw mmts.anai'ertmnmitsat‘mamrgy
yangs to which this o7, m‘

: DEn
Da | E 3% 5
. AE,,
EnzEm* 50
b " Gadustian of Mt ok & Geabiarer of Blaite Thickoses

Here the situation is considsraBly more aoaplmm. Wo shall firet
,mupmaemmemwm(av anﬂéo‘ MM&BW&EWW
way)e Consider a seatierer of thicknoss T as ohown in Figuve VII«2, Protons
-originating dn the iaterval 4t at. t must hava energies b;men Sl(’%) and
‘ Ez(t), where El(t) 12 such that the proton will have an ensrgy B, = - 95:
_wmmmahaatca, (t)mmhmmmwmwwmmw

By * 25 If we now mmm(t) as *eg(t) = £)(t) wo can express dp es

- followss o
| dV;(E,9)> : - W (8,Em)
A dK / (Mm) BE(T)

MM3 is Wawmm valus of AB(S) botwoen 6= Oand £ 5 Ty
2t ve introduce the quantities ¥, and 1), such that %, is the renge



.

afapmmofmgxn- D—-"mmmemmmm,m%is

related in the same way Yo B, 45— ,mmywrih :
£ (+) = E(/wx)

El(f):[{/)bf'f) e

whore tho sysbole on the right stend for the energy of protons having
the range in the parenthesas. Hence,
ANE(H) = E(/?éf-t“) E(/)a"f)

Te i‘inﬂAE(%) then, we nay meke a grephical anala‘sia mingﬂn@omctlm
wwmmma.mpwwm.@g‘mmmmmmm
onergy relation, It mey elso bo fomd by algebrate means using the pre-
viously quoted empirionl velation botween rangs and energy, The first
method is the most accurate in principle, but, bocsuse of the difficulty
of veading the graphs well oncugh %o determine the small differences ine
volved, the second is mich more acwurate in prastico, and is the method
For the smpirical mlatianm%whafomt
R & xE° |
vhove k deponds on the oharge, end mass of the partisls in question, and
adgo on the material it is penotrating, snd o i en empirically deternined
nusber, oqual o 1.8 in the energy range of intercst here. |

af@- (”:”) (”“”)

. peco - (&) [( ' (/%——)l/]




end gdnoe £, - —3~ = &, (o)

AE(t) E(O)[( I+ AE““ + i}yﬁ- <{+£>’/c]

Af(% )

'ﬂgm VI=2 gives & plot of the ratio vo (t/ra), caloulated
2a94%= 32, and also of the average of thﬁ.e qumttty botwesn £ S O
and ¢ 5T, again 68 a fanetion of (T/r,). This average value ie denoted es
s ond 18 tha quantity of direct interest. y is very insensitive to the
_va]m of — 3 valueg of y ealonlatsd for this latter ratic taken as .2
mmaaox .umwmy%mmwmm, which ocours for T/rg” 1.
" This mosns that y, end honde the caloulatdon of the spectrum, 1s quite insene
e1tive to the shape of the magnot mocaptance curve in Figure VII-l,

In mwy,m;,mmmm:
AT @.€) L, Me(OEw)
AL AE / sbsolute (Mm) 4 DEo,

share k i3 independent of I, and, for tho nonos, widsternined. Valuss of
ymamtimotaﬁmgimmugzmmosmrmmmm
vusad. and fpr protons and douterons in each ocase, ’

‘48 mentioned above, this 47, is an aversge vslue over a certain range

of energies, Vo shall non take up the guostion af’MQ the energy limits

ofm#mge are, 7o do this, we shall consider thres different onsess _

wﬁo‘a,rz%nrvr<rb~rvwmahanagninmmmtmmt

£' B

eysten accepte no partioles having energies below 5, = ——-aram

By + 257, end acospte all particles within this rengs equally woll.
mz.m
memmlmm,ummmmmmmmammm,s.

‘and let us plot the thickneas, 4 ¢, of the scattorer from which particles
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o=
ofmm £ oan be dotasted, &aﬂamafthaamfmrmmspi&af y
at ve B are shomn in Figue ViIeds Por BBy 577 Bz,) no part of the
- peattorer amt.ramtw. For E = B(r,)s only the mﬂn&%ﬂ& thin layer at
% 3 0 esn contritute, For 83 E(rb), t&atmﬂofthamtwmwmg
mumws 0, mnwrg, rp can omtrituie particles. This seme thicke
~.nssey Iy, ~ Ty vill eontrituts in the cuse of all particles with onergles
. botmeen R(ry,) and B(F - z,)s oince, 1f R is the total renge of o particle
within this enerey intemal, the part of the seatterer which oan eontrilute
' o that bam§= Rep, end ts a-rb, s;mdt.a'zg-ra. ﬁsszismm
‘aiw'm E(T + ¥,) At doareeses, beconing sero again st B(? ¢ rp)e In view
of the shaps of this curvs, the end points of the rangs of the measuremsnt
‘made under thaw conditions fs domoshat ms.m, beoaning more eo a8 T2 e
However, a reasonshle chotos of ths end potnta, for tho pmpose of deetding

wham L) plot a » Would seam 4o bot
M)+ EN)

- E
Ex' 2 »

£ C/)“+T),+€(/,6+T) |
E. ] T2

4

' mmtmmtafar wﬁ,m"mwm'p(ﬁ)mm&wdaaa
wwmmmmwmmammzmwwsmmﬁ,m%»

&nd whose height in o measuve of the weertainty in Ml; due to statisties,

Gase XL, TSy ey

mmmmawmmm:.msmmemmgmu
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as & funotion of £ 15 & distorted triangle s in Figure VII=ib, The
shamofmsMsaf%mm&mammmteme:m
magnotis seceptencs cwve in Pigare VII-l, &, and E_ ave teken to bs the
mmmwz.mwmaemwmmummm
defined than in Ouge 1. |
cmm,erwb-r

» a@m, particlos ere just dotested at & = E(r,). However, now a8
'awm&maahuﬁ{‘!-bra),thammmm(r)ufmmtm
 contritutes, and contimies to do so Wtil B & B(ny)e The thidimaess aontrie
buting then dscreases as & incrosses further, becoming sero at B 5 (T ¢ 1y).
A plot of At vs B for this case is given in Pigure VIIslo. |
-mwmapm&mmm%mi

E!:' E(})A)-/—E(T?‘/’A
2
E(/’b) + E(T‘f"/'b)
.5_'« = 2 ’
& T
Kotice the E mlmrmls&a.mmmg /,_/,“ammems

T,

mﬂnmdtmmmm.mxmpplmeuptoabnm%m
Agwmmumwvfwmmm,mmmnmmmmtw
m. or 90 Hov for deuterans. I the case of the Ca and Pb coatterers,
Gaso I applien throughout the entire interval. Figure VII-S4cgives the
mawspmazumewmwnnfwew-wm,m,mthm
suses boing equal to E, throughout tho whole rengse |
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Segtion ¥elo | .‘ .

Tablo IT gives the data and calculations in tabmler form, Colwm I
giméﬂummu'mw (18 Xilogauss) at which emhmmmﬁmm,
Column IX gives the oorre: Column IIX givea the protan count obw
 Column V gives the retis of proton to miniter count, multiplisd by 200 for
convenience, emvz@mﬂmmqy,mamm'mus.
Colum VII gives AE(), which is equal t0.12yBye Colum VIIT giveo the
rolative dq; which 1 the quotient of Colum ¥ divided by Column VII,
Golumn X gives the values of B, end Ky, botween which the valus of df,
holds, Column X gives the probable sxwor besed on statistical considersne
tiane only. | |
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VIYl. DETERINATION OF ABSOLUTE QOROSS SROTIOND
Ae PErineinles of Determd n

Tablo IT in Section VII gives the rolative differantisl oress
seotions at verious ensrgise for the produstion of imook out protans ab
an angle of 0°, A pimilar tsblo say also Do prepaved for the deuterans
and tritons. Iet us sssume that the valuss in the teble are equal to the
aboolute differentinl eross seotion, in unite of millibarns per gtersdian
per Hav, multiplied by some faotor K, If we now meke & plot of these aross
peotions vs onergy for all three types of perticles, and mmwrically inte-
grate under oach surve batwoen soms lover onerygy limit such that the |
ranges of all thres types aro idsnticad (1.e., three different lowsr Limite)
and infinity, we obtain the total cross section, agein mltiplied by this
sans E, for producing sesondary particles which have a range grester than
some predetornined vniue, By eomparing this latter oross seotion with
@ known absolute nwp differantisl eross section, we may elimtnate K and
mt all of the verious differential cross sections on an sbsolute socle,
B Ameralus

The experimsntal sob up uvssd to meke this onmparison is shomn in Pigurs
VITI-l, It 1o dsentical with the apparatus used in the nep soattering
exerizents of Hadley, et sl. The counter talescope is emsentially the
mmmemmmmmsmmmmmmammm
Figwo ic repleced by & tube i4sntical to the sscond, sinos here the
oomuntors are used merely aas proton detectors, mslmtimafttnmﬂ-




| eg6e

montal cet up and the collimating scysten ayw the samo as in the case
of the experiments dono with the magnet. -

mmtmmlﬂwa"pMmd'mn(mlg/mi,m
(73 ng/en’), lesd (920 B2), end polyetiylens (420 ng/ca®)s Thess thicks
mmmmmmﬁea&afﬁmmteMMwﬂwammw
grated stopping power, that 48, a high energy particls would lese ths same
srvunt of epergy in puassing through gach ome, '

mmt»wmamthmas&memr,mchwmiuwm
%highmmmw.

B mmmmm“twmwmmwwmu-pmtm
experinents, with the angle 6 equal to 25° The polyethylens, (GBs,)s
terget is put in placs, and an abeorber is plsced betweon the second and
third tubes, The thicknsss of the absorber is such thst & proton origines
ting in the cenmter of scattorer with en enorgy of 54 Mov ( & 66 coe? 25 Mev)
cun just pemetrate to the third counter. This lower anergy 1imit is the
esme ap that used dn the nep souttering expsrinentsy it allows only those
towtrons with energles greator than 66 Mev to produce dstootable rocoil
 protons from the f in the Oyfys | o
mmmmmna.mmuormmmumwm
18 determined. mmammmmmmmmtmm
plaocs, and with no soatteror, From these three measuremente wo can detere
mmmomwmmoemwrmmmmmw




offle

originatod in neHl intersstions, let us denote this nusber by Ny,

The absorber is now removed, and rung are made sucosesively with the
carbon, copper, and lesd scatterers and with no soatterer, The total
absorbing materiel in ths systen; inoluding one-half of the thiokness of
the soatterer, is in this caso squivalent to 460 mg/ow® of earbon, The
‘energy of a proton just abls to penctrata this is 20 Mav, and tho correse
ponding ensrgles for deuterons snd tritons are 27 and 33 Yev, tespevtively.
Iet us 0all the yatio of soatterer count to monitor comt (with the blenk
| count subtraocted) Ko, Npy, o0 Ny s Yespactively, |
Po  Aumlysis of Dota | |

The quantity By,defined above, 1o related to the meutron flux e8 -
follows: '

By
‘4

A/b‘:n v;p (25“’)'77;, 777\ °

where (2 = s0)4 angle subtended by the gounter telescopo as sesn from the
soatterer, ,

Unp # the Qifferontisl nep cross section per wnit solid angle for
soattering protons at the laboratory angle o+ 28°, | !

71y & the mmber of hydrogen atoms in that pert of ths scattever which
15 expooed to ths peutron bean, '

77,, & the flux donsity of meutvons with energien greater than 66 v,
mﬂmmzymmummmmmmmwmmmn’
per monitor count, A similar relation holds for ¥ mé the othorses ,

Ne= L (Tpsa (RS Ulsar 8% + 05,35, 77,
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whore 0,257 1s the differential oross pectlon for earbon for producing
pooondary protons with ensrgles greater than 20 tev, and G-(”“)an&

d >

7% are dotined stnilarly, Wo shall uce the sysbolS(25°) to donote the
sun of these oross seutions,
7le ® the number of carbon atoms in that part of the scatterer exposed
to wammm.
77;’ ® the flnx density, in unite of mmber per co? par mohiter count,
of ths neutrons which produss the obsorved partieles.
Conbindng thess two relations we have

2 (5% e 77”—7-7—* rp 25

W / ’\P
"
N

oremmmmwmme,” mwmmmﬁmc. 7
mdmmmwommmmmmm.m , {25%) 1s"¥nomn
M%anpm‘tuﬁmmmm. 77?;, would bo wnity 4f the neutron
bvmcmtaﬁmdmmuﬁmw&thmmﬁahmﬁwn%m.wﬂmm
mmﬁ&mgwmnmmim. The spectrum of the meutren
toam ghown in Pigure IVl gives an idea of the total nunber of neutrons
with energles below 66 Uev, Hovever, besause the rescticns ™ (n,0)812,
32(n,P)512, ant (P (n,7)F'° are nighly endotherats, not all of the meutrons
m&mmMzm. %rmmm,oal?_thonmumma?m
oan produce deteotable protons, and only neutrons abuve 45 Nev oan produce
detoctable deutercns. Purthermore, the probability of a2 reaotisn of this
tyre 18 very exall fsmediately above its threshhold, so that we mey say,



%

roughly speeking, that 7l tneludss all those neutrons with snrgles above
about 50 Mev, U-:ngthhmummuulmrudtrormﬂm
fnvolved in /% yve find by mumsrical integration of the spyropriate perte
of Figurelr/, that 777, 1s probebly pot mmaller than 0.9, his ratis

oould, of courss, be prectically unity, snd in the caloulation of 5 we

shall teke 1% to be ons. ‘

Using the valus of (. ,(25%) = 025 barns found by Hadley ot al, we
cbtain for the3 ‘s B

2 5(a5°) = ,058 vama/staradion

2 puf28°) sa12 .

Z p(25°) 540 "
whore Z 1z the sum of the differentisl oross ssstions for produsing protmms
with move than 20 Mev, deutercns with move than 27 Mey and tritome with
more tham 33 Mev, hy bosberdment with 90 Mev nevtrons,

mmmmmemwwcnc,ummxmmmW
other engles, the wvariation of S with O can bo found, Pigure VIII«2 is »
plot of the results obteined. It gives the values of the variousS's for
various 6 's ranging from &° to 1357,

Another way of desoriding the ssalysis in this seotion is to sey that,
ty means of the measurements mde with polysthylene scatterer, we have gali-
hrated the menitor oount in terms of the meutron flux, end then knoving the
flux, ve have measuved the [ 's,

)
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) IX, FINAL RESULTS
Ao Torm of Brogentation .

Data of the fora dasorsbed in Section ¥ wers obtained ustng G, Ou
and Pb targote at & = 0°, 129, 25° and 45°, Thess date were enalysed
using the mothods desoribed in Seotfon VII to find the yelative differen~
tial oroos psotions as a funotion of onergy ab each engle, and then were
further treated s described in Sootian VITT to £ind the absalute values'
of these differantial cross seotions, , |

The final results ave presented in tebular form dn Tebles TTI=V, and
in grephical form in Figures TX«1 to IXe8, In the tables the following
1mmw: the angle at whioh the msasurementc were made, the type
of particles, the ensrgy range in vhioh the given croms gpection epnliss,
the differentisl oross sestion in unite of millfbars (10"Ten?) por
steradian per iev, and the probable ervor of the measurement,

In the case of carbon, the proton and douteron curves are plottsd
vAing ench of the tabulated eroes cections in Tebls IIX, However, the trie
ton aross cections 1isted there mre not plotted individusily, tut only
Wmmwmmamrcm@ammham. The resson
for plotting ths triton data in this way is that the rangs of ensrgies to
vhich each value of 40, appliss ia so largs, and so overlaps the neighbore
ing valuss, that so speotrel deteils could be ssen,

mtm«smnrmmmﬁhadthopmmmummﬁodm%
same way &8 in tho ouse of gerdon, and the deuteron results are treated in
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TABLE IV

PARTICLES FROE COFPER

47
ASrde
Protons oo Douterons
Imergy -&p Bosrgy 4
2348 3,16,3 -0 1.0
NmS4 Jed 4.3 T2 L
3861 2,74.3 4P 73
LOeET 2,86,3 5484 9 /9ead
6378 1582 60088 9
03100 24 TRH6 L4501
L 8= o2 i‘.l
e .
d (7— Eneryy 0(@
10m4T 1630 Tt o9
P53 L.67%.1 3260 43
53«72 102607 45«77 o2
6582 00,05 57086 W4
T893 274,05 =93 15
O0wlDs L3415 :

1-9*.15

oSted
+Od 02

AVp  Eser

T 06 269
4Be 04 3073
o300 4577
o2lpp 02 5383
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veaoon os in that casee | |
o counts wers obtainsd which could vith any certeis be abtributed
to tritons, emept for the 0ase of tho ero degroe carben cboorvatisns,
Z 'mﬁ am.se they contributsd. four psroent of the Wkal cross seotion ana
mummmmm»mmmmmam&ammm .
m tahalam probabm mm fnoinde m!,y t»he amaw atatiotical
nm’emmm in the relative valimg of tho ¢ross seotions, and do not ine
‘elude the additional e¥rors which ¢sn erise in the deteruinstion of the
obsolute sosle. This latter error is probsbly of the order of 26%y
end mms, bhaifes the usual dtetistical factors, waich ars, in fact,
quite m&, a mmbey of other factorss OF these the ;sﬁneiga‘l onop m N
‘Iwammmarmmammwmammmmm seg=
N mmmmmmmmmesmammm«mmm,mmﬂ
ty s.mma in tm nwwrm mmmem of the plata of the ma»
fsm awmmx eross sootions, .
| mmafmmam a‘*aeserm speﬁalmt&mmmwéw
%lzem W, faz' at that angls the abmluﬁe ames sestion for pm&ucmg

. »mm&mﬁmmtmamémm. mmmmmmmm

that tm orvss m@tm at thoso points where they were ma&mé {69,000,
:5".25@, ot.) $ull Guite well on a pure expomontial curve. This qurve |
mmmhw%m, mmmmwmmwmm
mg the Poro dam relative oross wmm This extrapolation s mot

00 dengereus, ¢inco, ao will be coen later, the physies of m situation
| mmmm there chould be no marked singularities in the forward mw»
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tion,
C. Zotal Gross Ssotiang

™ this seation wo shall attenpt to estimate the total oross sece
tims of the various procdsses of interect, and disouss the walidity
of thoes ealonlations, '

The total eross gection of a cerbon muolsus for mrodueing yrotonn
havingamrgun groater than R, when bombarded by 90 iev nentrens is

(C7- 27{ ( dV"(e £) a(é‘a((cne)

AE 4L

T, | o
s:mju[i)mm Mmmndatmlyfmms.tw.m’ .

25°%, and 45°), the caloulation of U, (<) 1s feastble only if two condi~
tions are satisfisd, namoly, if most of the particles lie within the angular
rangs of 0° « 459 and 1f we have sowe wey of reasonsbly estimating the
vl of &7, at mngles betwesn those at which measnrements were weds, n
order %o inventigate the questian of whethgr or Bot theso teo conditions
hold, let us oconsider the plota of 5(6) given in Figures VIIT«2, o )

3(6)is the differentisl erose section, in milliberns per steradicn, for
produsing all particles with renges greater than 460 ng/on? of asydon, end
in terms of the &ﬁmum above s |

277‘2, S (@) dene) = U:>27Mr+ Up>2omar

As shom in tho figurs, the valuss of %o)ywhen plotted on ssmielog paper as
a funotion of O, f£all very closoly on a geries of streight lines, each line
extoniing over a considerable range of angles, Therefore, to fiod (. %, ..
whmmwmmmmwwmmmw@rtmm
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appropriats mtagmtim;. In the same vaay, we nay find what mgtion
of the particles ere emitted sithin 45° of the forverd airectisn,
Table VI pives the resvits of thege ealowlationgs

mble N2 4 ' '
- T o fractim 0'{'
N 211-[{( O) L cos® | , _zwfz(e)a(oos é P 2";":; (“;S' ¢ “
. e . -} .
e nr 81 75
on /3 wm .8
: /

_?:-i

mmmwfmemm,meer, )
mwwmmmmmwmnmgmnmmmemm
wmm&a. w,wwmwammm,ﬂwmmmw
| %mmsmmfmmmwemi(a) mﬂm%i&hﬁghlyg‘mmm |
,mmmmmm@rmmmmuwmmmmwmw

IQWMSMWQMOWM&WMW,M%MEM ,
Figum M.&ﬁ. In these Pimues the folloming ax,fmmm oross seos
’#tmmgmm;da

YOS

whem the 2(9)@9 taken from Figare VITYse2 emﬁ
: : V;;é,s) 5-“’ dO’ (& €) d
~2% = A0 A€

| Thoso lamrém mti.aaa are fmmﬂ ‘hy numerically integrating i'he _
'me ourves in Figures IXel to D=6, The S (6) valms, as sentioned

e - &) o)
dv;:zo'*-ur i dq;:;s‘w dq:)&w‘«-v—
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before, ave seen to fall on & few straight line segoonts, and the ratioc of
protons to dsuterons s eeen to ohange smoothly with angle. It therefore
mmmsom&shmﬁmvalmof%&) with straight lines,
and to use the equations of these 1inss in integrating to find the total
orogs seotions, In addition to the graphioal avguments given ebove, the
non-existende of singularities (exsept poseibly at 0° where singularity
vouwld not matter in thess caleulaticns) may also be dedusod from the physies
of the origin of those particles. Ths protons ariss enssmtielly fyom neutron
proton oollisions, end therefore must have an angular distribution of the
typo obsorved in nep soattering, with an sdditional “emoothing out® effect
@Gue to tho internal motisn of the mslecns in the nucleus, Such s distrie
tution would have mo singulsrities, and, cinns the SR ourve is tho eum of
the proton and deuteron distributions, and since it shows no singularities
botwoen 6° and 135°, the deuteron dlstritntion must also have no singulare
itigs in this renge. |
By integrating the appropriate parts of the cwrves in Figures YXe7
to IX«9, Table VII is derived. 7The tabdls gives tho total ovoss seotions
for producing the dndicated partisles within the indicated sagular limits.
The ovoss sections for profucing deuterons between 459 and 180° (giwen in
 parenthesss) are upper limits obtainsd by essuming the retdio betweon proe
' tone and deutercns foumnd betwosn 25° and 45° aleo halds from 43° to 180°,
The corresponding proton cx9ss seotion is then obteined by subtracting thid
deuteron oross section fronm the oross seotion for all perticles, and is
thus o lower Lmit, | -
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- TABLE m ’
(m vama are exprocsed in Wﬂm?)
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X, DISCUSSION OF RESULTS

A. Shaug of tbe Gpsctam

In the omse of axtdon, which 4z the only ome for which there is wuch
dstailed informatiom, the proton and doutsron opectra omn be ssen to be fune
damentally different, The proton apsctrus at mero degress is flat from
20 Moy to about 65 Mev, and then it decreasss sharply as the emergy increases
further, W®hils it is obviously impossilils to deduce froa this ocurve
(Figmw T=1), and the inown neutron enargy distritution, the spectrum which
would be obtainad for momo~cnergetic neutrens, it may bs wortlwhile to peint
out the rather striking sinilarity of tho observed curwe to that derived
fron & vwry simpls assumption sbout the shape of the protea spectrum for
such noutrons, This assumption is that for meutvons betwses 60 and 100 ¥ev,
the proton spedtrum in the forward divestion is flat up to an smergy equal
to the neutron ousrgy minus the energy vequired to make the reactims occur
(mummmmmwmm)mmmnmmuum
”ro, mthahtauofmtaumtion,ﬂnmtmyiﬂd'hiohwmlduabn
Sained using noutrons with the energy distridution shown in Figure IV-/
would be essentially flat from 20 to 60 Mev, would £all to about cne-half
of the maxinue walue at 74 Mev, and to about cnewelighth of this walus at
90 Mav, ALl values of the obsorved spectra at 0° and 12 £1% such a dise
tritution within the probebly errors chowne

The deuteron distribution at sero dsgrees shows a pesk ot about 60-65
Hev. The halfewidth of this pesk in Mev is the sams as the halfewidth of
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of the noutreon diatribution, and the low energy toil is sbout twioce as high
relative to the peck ss tho low enorgy tafl of the neutvon besw, This
distribution fits the assumption that monowenargetic neutrons produce
doutergns within a relatively narrow ensrey rangs cantersd abeut 25 Wev
balow the noutron snergy. A2 © incredses, thm proton platean and the deus
toron peak both disappear. Howewsy, the average deuteron cnergy is higher
mmmmmemght.

B. Iotel Oxoss Seatdons ,

The total otrass sestions for producing ssoondary protons with onergy
greater than 20 Hov a3 given in Tahle VII, azre ,090 baras for carbon,
+24 barne for coppery _and .Az_hnims for lead, The oomapondin; inelastio
mmwmwmmmumwmnmmmm
e 22, .78, and 1,79 burns, The ratios of those sross seotisns ave,
thorefore, .41 for csrbon, 31 for copper and 24 for lsud, Since the
oross seotion for striking ot lsest ope proton in the mucleus must be proe
portionsl to the inolastic arces seotion, the decresss in this retio must
be dus to the increased diffienlty which a proton has in lsavinc the larger
nnaled, -

For the case of oarbon only, an edditionsl total oross sestion 1s given,
m;nl.y. that for producing secondmy protous with emréiu greater than
35 ¥Mev, The veason for this partioular cholice of energy is the followings
in the nvp soattering experiments performed at S0 Mov, the anpular distribue
tion of the soattersd protanis in the center of mass systen is roughly
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symmetric about 90°, This symuetry means that in spproximetely answ=half
of the n=p collisions, the proton gets mors than ame-half of the energy
the neutron had, Purthar, sinee the n-p collision aroas cestion is suppos-
ed to be soms thres or four times larger than the nen oross seatiom, about
o3 of the inelastic eross seotion shoudd produce nep oslitaions, Theree .
fore, if tha mucleus were completely tyansparent so that all struek protoms
eonld lsave 4t without any Durther collisions, we should expeat that about
obr of the inslnstic oross sestion would produce protons with more than

| me-half of the enargy availabls to protans. Then, since tho maxtmom

energy Uy proton oan leave with is about 70 Mev (taking 85 Mev as the mean
snergy of the impinging neutrons), the aross ssetion for producing sscone
dary protons with epergies greater than 35 Wsv would bde about .4 of the
inelastic eross ssction if the nuocleus were complotely transparent to the
struck protons, In tho oase of carbon this would he about 100 ufllibems,
The oheerved oross seation for thia process is 52 nfllibarms, and henoe about
one~half of the protons leave without further intersetion, The siove argue
monts are too qualitative to sllow a osloulation of the mean fves path, ,
E.«asszwtggﬁagglﬁgﬁﬁiggﬁgﬁ |
%g&gon.ﬂn.ﬁv. |

The total erose sections obeerwed for dsutercn production me given
in Table VIY ap 26md for C, 52 ab for Cu and 75 sb for Fb, The ratios of
these deutaron produstion orves ssotions to inelastic oross seoctioms are ,12

for ¢y 057 for O and 042 for Pb, snd henos the dsutercon production



oross sestion cleo fnereases more olowly with atomis musber than the
' mghistic orove sectien, They also inorvesse more elovly than the cross
sections for produding secondary protons, the ratio between the deuteron
*jrodustion eross ssotions and the proton produstion oross seotions being .
29, +22, and .18 Por G, Cu, and Pb, respeotively, This slower incvesse
with Z 48 to be expooted, eince, in order for a deuteron to estape frum
amwwmmmmmmmmwmmtm
interantion, B
Aaammemmwa. Lo wmmm (6) tepmdiet‘maem@rm
angilary mmmﬁm of tho prctms which would be lnocked out of heavy
molet by 90 Mev neutvons, His saloulstiens vers made using the Hoste
Garlo method. The mncleus was trosted es o dogoverate ges of mucleonss The
awm‘ballw detornined awp wmtm eross mtim rore ussdta ‘
charesterize the individual collisioms which teks place in the milsusy te
nen interastions were eswumed to lead to the same angular dlstribution e
inaep mmm, bt with only ons=fourth as lorge o total oross ssee
aec*ifm far pmﬁueing socondury pwtieleﬁa straight f&rmd (f). and 2 ‘4
mn differential ms*mmt&m at about 27°, The reason for tho mro.
cross swticm fomara wes that small mo : 4
the Pa.uli prmﬂ.pla. ‘sinos the m&m whigh mm&va& the guall momsnium
wmﬂﬁrnamtoemiupmapmwmmapamalm@mﬁaﬁw
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another particls. Such an angular distribution was not observed, 4
nopsible explanation, suggested by R, Serber, for the lask of a minimum
in the forwerd direstion is the followings the proton wave is refracted
at the nuoloar surfaoe, sinos the protan passes from o region in which
_ thare is a high negative potential to a regicn in which there is wero
potential. The effect of this refraction then completely washes out any-
detatled strusture sush as thet prodisted around sero dagress.

The energy distributions of tho secondarios as predictsd by Goldbarm
ars slso not confirmed hy thic experiment, the disagreczont is prasumsbly
 due to the fact that tho correlation betwoen angle and ensrgy la agels
- doctroyed by the refrastion effest, |

The obesrved total croes seation for produsing secondary protons by
ponbardnent of lesd usled with 90 Mbv neutrons is only ebout ons=half of
the predicted valus, This indioates that the mean free path of particles
fn muolear matter is smaller then the value given by Goldberger (6,2 x 10™13 em)
and 18 more nearly in agrvenent with that deduced by Perubach st a1 (5)
(45 x 20™13 m).,
D. he Gricin of Uim Gecwndary Detesene |

A possible mechanism for the origin of tho secondary deuterons has been
suggested by G, F. Chew®, The prinoiple festure of this mechanisn is that
the impinging neutron ploks up & proton from the musleus, and combines
vith 4t to forn a deuteron, Semieglassically, the process nmay be desoribed
a8 follows: the protoms dn the nucled have a large kinstic energy due to
1 eiaiiar suggestion Tas also Desn mads ty P. Gior et eltibl,

]
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their interwotions with the other particles in the mucleus, and consequently
my have large compoments of momenta in direotion of the momentum of the
irpinging neutron, In fact, if the sverage kinetic energy of a bound
moeleon 1s about 25 lev, its averege root meen square momentum will be
ebout one-half (E—f} of the momentum of the impinging particls, and somenta
equel %o the neutrons momenton may easily be present. If, now, the dife
famnumnthemmnmwthemutmmdmmtmis;bmtwqm
the rolative momentum of the proton and meutron in a dputerce, a dsuteron
may be formed, Promthopoix;t of viow above, the ideal situstion would de
that in which the ralative romentan of the neutron and the proton was ssro,
aince this 1s the most probtable mementum in a denteron, Howsver, this
asttuotion is clearly impossible, sines thsn the idnetic energy with which
ths deutersn left tho nusleous would be twice that which the nsutyen hrought
in, Qualitetively, it can be seen that the snergy of ths douteren would
tond to bo w8 high as enorgetisnlly possible, and the angular distributicn
of the dsuterans would be sharply pasked in the forward direotion.

Ge 7o Chaw, ¥, L. Goldborger, and G, Wick have made quantumemechaniesal
sationtes of the aross seotion for the produstion of secondary deuterans,
and haﬁa obtained valuee in qualitative agreszent with the sxperinental
results, Dotailed comparisons betwsen sxporisent and thsory are oouplicated
ty ssveral fectora. Theoretioal compliomtions arise from the fact that
this ia essentislly e many body pooblem sinee the residusl nuclous must
scquire sone momontum ae a whole in order to oonserve this quantity, and

»
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the potential emerzy of the resulting boron muocleus in the cese of 6
¢32(n,a)88 resction must b ab leest 15 tov leso nogutive than the
potentisl energy of tho cnrbon wuodeus boeause of the bighly endothorals
nature of the resction, Experimental complicstions ariss from the fact
that not anly the original mewtron oan produce secondary douterons, but
&wmmﬁm mtona and neutrmswaﬁtmd bytha impinging neutrone can
pick up & second portlele ad produce a douteron oa thedr way ut of the
nucleua, Themémﬁarmwmldhgmingmmmlalw&rmerwmmm

formed directly by the impinging neution, and wnould heve a mmich wider
angular distribution, The yield of deuterons preduced in this wey osuld:
casily Yo ns loyge or Iarger thon the yi'am produged by the primary neue

zmmmnm mmmm of somo of the phonomene yepsried in |
this paper have also boon mnde by Praeckner and Ponell (7 and Brasner(®),
Brusckasr zma Pozell have mede & bowld chanbes study of the ensrgy and
sngular distributions of tm' paﬁielw éenitted by earbon oucled mﬁm
mbardoent with 90 Mv noutrons, Tholr nethed imvolved the comparison
of the Bp'a of particle before snd efter pmmg thrs e plate of Imomn
stopping power, "?:my Loramd high snargy protons,deuterms @n& t:’itom,
and their resulds ave qmimmmly m egroement with those e%am in

the pmaamt. exparinent as mg&rﬁa the ratlo of pmma to dauterons and
tritons, and the general trends of the enorgy and enguler distrilutions.
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"hm geous to be a quantitative disagreenent in the ebsoluts values of
the warious ovoss soutions, however, the values found in the pressat
mipamt being conmsiderably larger then thosa detesmined in the ¢loud

chrabor exparinenta, .
‘Bradner!s experimenio were done using photographie pleten, snd were

perfornad for the purposs of checking tho axistence of the sooondary

éﬁu‘@x’onaa The mathod invdlved a gomparison of the grein mm of traclks:
with the same m&i@e&. vangs., The ratic of protons %o deuterems :Ln the

- forward dimetian @8 deternined by his ammm is i.n agmemt with
- that abamﬁ by Bruecknor and Powell snd in the present ewperiment,

| The various mmmm rontiousd in semm D atove would be
aamgalmww romoved In the oase of neD seattering experiments. A etudy |
of the deuterens geattorad in the f@rmm direetion would %hus provide an

4deal way of studying the "pick up® process, Prelimingry caloulstions ty
G Fe Chow m&&aﬁ% that the differential eross geetion for produciag

zoattered douterons by thie Ww nay be as hﬁgh an 39 nillibams por
steradian ab sero éiemﬂ.

An emzarmantal mmati@aﬁion of the pecondary particles px‘mumd
by doubrons .w:mn energios sovarsl times 90 &zw_ wonldd alao provide weeful
‘im‘dﬂmﬁcm.f. On the basis of the "piok up" t!mmy, t&w deuteron yleld nhmld
e mmh sraller th&m at 90 Yeve The proton distribution ney be more nearly
.‘maa that m&cﬁ&& W ¥ e wl&hex*@az’ aims tha nean froe pmﬁh will be



L)

| Wmammmmmwmwm $mportent.
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