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T, Introduction

(2’3’4’5’6)“of”tﬁé“sPatialwdistriﬁutien of fast

vRecentvdeterminations

neutrons‘preduced'ﬁy.the bembardmeﬁt'Of>varibﬁs*térgets%Byfdeuteronsfof,ene:gy :
iess than 20 Mev indicate that there is a group of neutrons emitted in a forn ‘

ward dlrectlon in addltlon to a roughly 1sotrop1c background : Serber;s theory
of sﬁripping(f) has satisfactorily'explained the'high“energy (190 Mev) reeults >'"
of Helmholz, McMillan, and Seﬁeii;(s) but'the”aﬁpliéatien to the loﬁ energy'
results is not so satlsfactory,(5’6) The present wak establishes ihfqrmetien
about the neutron dlstrlnutlons from deuterons of maximum eneréyA2O Méﬁéiﬁhieh'";

show that “several differehtlpfocésséejbﬁeraté'ih the production of théseﬁhéﬂtﬁSns,

and that the neutron enefgies:are"éﬁéfacteriStic of the processes producing them. -

Reported at the los Angeles meetlng of the ‘American Phy51cal Society,
December 28—30 1950,

(2) R, B, Roberts and P, H. Abelson, Phyu; Rev° 72, 76 (1947)
(3) ¢, E, Falk, E. Creutz, and F, Seltz, Phye. Rev. _4, 1226 (1948)
(4) ¢, E, Falk, E. Creutz, and F, Se1t29 Phys. Rev. 76 322 (1949)
(5) ?, Armira ju, Phys. Rev, 76, 1421 (1949) } o »
(6)'00 ‘E, Falk, Carnegle Instltute of Technology Report Nb, 59 July 19 1950
(7) B, server, Phys. Rev. 72, 1008 %)
A

(8) 4. c. Helmholz, E. M. Nlellang and D, C. Sewell, Pkys. Rev, 72, 1003 (1947)
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II, Egpgrimen#?i Detgi;§

This sef of meaéufeménﬁs w&é'ég#fied oﬁt uéiné;thé éo;inchjéyclotron Qf
the Crocker Laboratory, which produces an external deuteron beam of energy
about 20 Mev. This has the advantage_thatAno corrections need be made for the -
scattering of the neutrons before their détection; The tafgét,_bombarded include
Be; Al, Ou, Sn, Py ard ¥y and were of sufficient thickness toc stop all the deuterons,
Thick targets were necessary in order to minimize the effect of neutrons due to
deuterons bombarding pafts of the cyclotron tank and dee system other than the
external target. The bombarding currents were all of the order of 15 mierc-
amperes, |

The neutrons were detected_ﬁy the_beta—activities; induced Ey exposure, in
arrays of C, Cu, and Al foils. The foils, 1 in. x 1-1/8 in. x maximum beta-range,
were enclosed in 1/32 in, Cd and placed.in a circular arc of 10f1/2.in. radius, _'
wiﬂh the target as center, This arc covered“an‘angular range froﬁ ~16 degrees to.

+ 66 degrees, relative to. the incident deuteron beam direction, and was liﬁited

by the,cyclotron tank wall on one éide, and the target cooling lines on the other,
Thisrmethod ﬁas chosen for the following reasonsé (1) 211 foils receive exactly
the>same exposure, so that no monitor is necessary; (2) by choosing foil materi-
als with suitablg apﬁivation thresholds, a selection of erergy ranges can be
made, and, in addition, neutrons which have lost a certain améﬁnt of energj Ey
inelastic séattering'frOm.nearby matter are not détecﬁed; (3) Falk has shown(é)
that_this simple scheme gives substéhtialiy thé ééme resulié as tﬁose from detec-
tion by a ;roportional'counter téleéc;pe; )

The activities induced in every foil were each ﬁeasuréd two or threelﬁimes |
in a staﬁd&rd'Geiger tube and lead éhamber'afrangéménﬁ, and thenvexﬁrapdlated
back to some convenient time so that they coui& be coﬁﬁared, 'The éctivities con=

sisted of the 20,5 minute activity of Cll, the 10.5 mimute activity of Cu®?, the

<«
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10,2 minute activity of Mg®', and the.14.8 hour activity of Na, The reactions .
and their_thresholds‘are-shown‘in Fig.;l;i;IndependentNdeterminations were:madeu_-
of the half—llfe of each act1V1ty in. order to positively 1dent1fy the act1v1ty |

'for accurate extrapolatlon purposes, and also to deflne the. tlme 1nterval 1n whlch |
the des1red act1v1ty could be counted before other activities became 1mportant
The high bombarding currents resulted in-large activity yields, so that the count-.
ing error (in the forward direction) was less than 1 percent»ﬁor_po;nts detﬁrf’.p'.
- mined by the cu®? and Mg=7 activities, and-less than 5 percentAfor,pointsﬁdetere:L;

11

mined by the C* and Na24 activities., . -

117, Results_and Discussion |
The characteristics of the‘neutrontdistributionslare convenientlytdescribed
in terms of the forward—to-lsotropic yield ratlo, the w1dth at half-max1mum, and S
the angular p081tion of the maximum w1th respect ‘to the incident beam dlrectlonora"
A typlcal set of dlstrlbutlons is shown in Flg. l. In each case there is a maxi-
mum in the forward dlreotlon superlmposed on what appears to be ‘an 1sotroplc
background This was measured only out to about 65 degrees and has been assumed
conrtant beyond that The ratlo of the number of neutrons emltted in the forward
) peak to the number emitted 1sotrop1ca11y is shown in Table° i° Whlle the mum-
bers are rough beoause of the uncertalnty in the 1sotrop1c component, they 1nd1—'
cate a relatlve increase in thls component as the atomlc number of the target
1ncreases. The 1sotr0plc background is presumably due in part to the formatlon
(54 acompound nucleus by the addltlon of a deuteron with the subsequent b0111ng
ﬁff of a neutron. In addltlon, there is an irregularlty at Sn, which also ap- E
pears in the dlscu531on of the half—w1dths below. o | ﬂ -
Table II, whlch lists the half—w1dth of the forward peaks for the elements-ﬁ'
investigated,'shows a non-regular variation in the shapes of the distributions.

“

However, there is a tendency for higherwenergy'neutrons'to"be concentrated in
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the forward dlrectlon, as’ ev1denced by narrow1ng of the forwaro peak as the
U_detector threshold 1ncreases, particularly for the data on Al and Pb Prof
’ V, P,‘welsskopf has p01nted out(5) ‘that for heavy elements the deuteron loses
| s0 nuoh energy in climbing the potential barrier that the neutron'can obtain
sufficient momentun to cause, say, the Cu(h,2n) reaction only by adding its
.infernal.momentumﬁin the deuteron parallel to the center of mass momentum. This
will ceuse a'sharpenﬁng of the peak for essentially energetic reasons, the neu-
tronslaf wide angleS‘being'oleower eriergy. It is to be noted: that in the case
of S8n;, the distribution is somewhat wider than all the others for neutrons above
11 Mev, |

Table II also shows that in the cases of Be and Cu, neuﬁrons are enitted,
which, above 20 Mev, have their spatlal max1mum dlsplaced from the direction
of the incident deuteron beam. Slmllar results have been reported by Falx(é)
At lower energies, this apparent'"double peak" 1s.washed out, 1nd1cat1ng that
the distributlons result from several different nuclear processes of comparable
magnitude, This feature is clearly shown in Flg. 1 for the case of Be, and is

(8) .

to be compared to the dlstrlbut;ons_found for high energy deuteron 1mpaous.
The latter show "single peaks“ exclusively, whose nalf—widths increase in a
regular way with atomic number, and which agree quantltatlvely with the Ser berv

~ process of strlnplng.(7) Electric separation(9) of the deuteron, to be sure,

"~ does predlct a double peaked distribution of neutrons from the action of the
Coulomb field of the target nucleus upon the proton in the deuteron, However9
field separation of a _Geuteron of 20 Mev can produce a neutron of maximum energy
only 18 Mev, which is insufficient to cause the C(n,Zn) reaction, The further

%

observation that double peaked dlstrlbutlons result from Be and Cu targets only

(9) S. M, Dancoff, Phys, Rev. 72, 1017 (1947)

/
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would seem to rule out these usual theorles as the sole mechanlsms *nvolved . The
same reasons rule outthe poss1b111ty that the double peaks may be due 31mply to
the Coulomb field actlon on the deuteron before strlpplng or electric separatlon
oceurs,

The collision times for deuteronslofﬂless.than>261M§v#are9 of course, ionger
than those for the high energy case. Tais suggests a mechanisn by which some ,‘
neutrons can gain energy in sufficient amouhﬁ,forlﬁheh to be deteofed in the carbon -
foils, The mechanism consist$ in keeping thevdeuteron‘togefher lohg,enoughso~
that the binding energy given up wheh the protoh sticks, formihg a.coupouhdvnuce
leus, can be wholly or partly communicated tothe‘heutrqnp o

Slnce ‘the present data were collected, a quantltative examlnation of thls
proooss has been made by S T, Butlero(lo) The model used bW hlm has been applled

to the smalluangle structure cbserved in (d,p) angular dlstrlbutlons 5_912)

th—:“ii‘
con51derab1e success, and the calculatlons reveal 51gn1flcant 1nformation oonoernn |
ing the parltles and possible spin states of the nuclel formed in thls Wa§ol;lt -
seemed worthwh11e9 therefore, to apply the theoretlcal con51derat10ns to thehdn-

_ formatlon collected here, The theoretlcal curves of Butler depend on (1) the
radius of the target nuoleusy (2) the 1ncldent deuteron energy9 (3) the outg01ng
neutron energys (4) the angular momentum carrled by the proton9 whlch stlﬂkso )
These have been sultably modified to flt the condltione of the exper;ment Thewdb
cire umstance that the 60-inch cyclotron produces 20 Mev deuteronsg while the:; .

threshold for the carbon reaction is 20,25 Mev, results in the faot that neutron

distributions from collisions of the type described.above_oan be examlhed N

(10) S. T. Butler, Phys., Rev., 80, 1095 (1950)

(11) §, B, Burrows, W. M. Gibson, and 7, Rotblat, Phys. Rev. 80, 1095 (1950) =

/ .
{12) Jo R. Holt and C. T. Young, Proc. Phys, Soc, London 78, 833_(1950)_'.‘~
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separatelyy w1thout hav1ng superlmposed upon them neutrons dae solely to the
other processes of strlpplng, electrlc d1s1ntegratlon, and compound nucleus
formatlon. | |

However, the usevof threshold detectors does not allow the outgoing neutron
energy, ano oonsequently the states of excitation of the final nucleus, to be
determined., In faot,.the‘observed distributions from carbon detectors are them-
selves'the superposition of-contributiohs‘from-the various final nuclear states,
so that w1th thls method, unamblguous spln and parity values cannot be assigned
in general. |

But 1n'the cases of Be9, A127, and Cu®3 targets, the distribution structure’
is deflnlte enough so that it can be safely assumed that probabiy only one of
the fiﬁal states enters in detefmining the angular distfibution° By comparing
the theoretical.and experimentaliy observedtangular distributions, an example
of which is shown invFig; 2, it has Been possible to find agreement good enough
to assign parity and possiole spin Vaiﬁes.to either the initial or final state,
the otﬁer being essﬁmed knowﬁ.' The results are given in Table III,

For'the Be9 reactiop,»it_has been'assumed that only the ground state of
B0 has been produced., Taking the soin value 3 and the shell model prediction
of even parity for this state, the neoessary spin assignments for Be? include
the known value of 3/2, while the parity mst be different from that of 10,

27

For the Al reaction, the initial state has been assumed to be 5/2, even, and

.28

the resulting Si®~ state must be'assigned"a rather large spin and like parity.

Since the ground state of 5i%8 is expectedﬂto'have spin zero, it is thus shown
that the capture of a proton by A127 to form the ground state of 5128 is for-
bidden; rather, an excited state is formed which has the properties listed

(13)

above, This is in agreement with other megsurements, which show a low

(13) ¢, A Peck, Jr., Phys. Rev. 76, 1279 (1949)



" UCRL~1204
8.
probability for the production of the ground state, cémpared to excited states,
Far the Cmég feaction9 transition to thevground state of Znb4 is assumed, which
1eads to p0351b1e splns for Cu63 whlch 1nclude the value 3/2° However9 in this

case, the ground state of the CﬁﬁB must be of even parlty, which is in dlsagree-

ment with the predicticn from the shell model of Mayer,

Iv, Aeknowledgmgnﬁs
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DETEGTOR

TARGET A (n,p)MgZ A (n,a)Na?* cu®*(n,2n)Cu®® ¢'%(n,2n)c"
Be 2.4 4.8 1.8 2.4
Al 2.0 a7 2.0 1.5
Cu .4 1.8 0.48 0.6l
‘sn e 23 052 2.1
Pb - 2.5 1t | 0.38 0.33
U 047 0.66 0.14 0.34
 TABLE I

RATIO 'OF FORWARD- TO- ISOTROPIC NEUTRONS IN THE

OBSERVED ANGULAR DISTRIBUTIONS.

MU €08



 DETECTOR

TARGET AI%%n,pIMg® AFTn,aINa® Cu®(n2n)cu®? C%(n,2n)C"

Be 34
Al 30
Cu | 44
QSnv 44
Pb - 40
u 38

34

28

40

38

34

38

TABLE T

42

28

36
48
36

40

DOUBLE # i
32% DIP

22
DOUBLE + 7
13% DIP

30

24

30

FULL WIDTH AT HALF- MAXIMUM, |N‘DEGREES, OF THE

OBSERVED ANGULAR DISTRIBUTIONS.

MU 1609



GROUND STATE OF STATE OF

'REA‘?T'ON _INITIAL NUGLEUS ' FINAL NUGLEUS
Be’(a,me® 22,53 - 3 4
A?'.ﬂ(d,'n)Sizs_ g + 0 2,3 +
cu®®(d,n)zn* -2-% 2 o ~+

TABLE IO

RESULTS OF ANALYSIS. fp IS THE ANGULAR MOMENTUM
 TRANSFERRED TO THE TARGET NUCLEUS.
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