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Neutron yiolds from thtck targets bombarded by 32- and 18- Mev protons

j,were measured for 59 elements and componnda. For 23 metauic elements, yields

were also measured from targets thick enongh to degrade the proton energy from -

32 to 18 Mev. The neutrona were detected by counting the Mu‘% activity produced
".by aeutron capture in MnSO‘ solution contaiaed ia a 3.1t by 3. ft tank that surrounded

- the targeta. The efficiency of the nentrouodetcctiou system waa determined with a -

| ','caubrated Ra-o.-Be source.. For all threée energy intervale. the neutron yields
ff i_increased abruptly by 8 iactor of 2 at’ 2= ZO and z 30 pnd N_i,_h_ag a .yield /3
’-’that cf neighboring elementa. SR g :

The yielda were compared with calculationa baeed on the ataust&cal theory :

" of nuclear reactions. The agraement was fair for Z>"‘30 but the calculated yields o
e 'r._'did not ‘reproduce the sudden jump at Z = 3@‘ ) ' ‘ i L
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kﬂ ] . ',;:Yuin-Kwei Tai. Ggorge P. Millburs, Selig N, Kaplan and Burton J. Moyer
A 7.7 Radiation Laboratory -
Ch e I ﬂuivcnlty of California
A L o - Berkeley, - California
Auguﬁc 2Q.~ 1957

I INTRODUC TION

Cae Tl 'I‘he classic interpretation of nuclear react&onn involving lowwnergy particles .
, '-"‘.ffu baud ou the otatiltical theory developed by Wels ekopf ‘and on the concept of
o ”t.he. eompom:d aucleus. Reactions that involve aeutrons as either the incident or
_emltted pu'tich are easier to intarpret than those. involving charged pﬁrdclee be-
| _cause of the lack of complicating effects due to the Coulomb barrier. We wish to.

' .»’lreport the rewlts of a systematic survey of neutron production by 32- and la-Mev

_f .‘.:,pretbm that wan 'undertakea as the first etep in a ctudy of proton reacaons that

s ‘lead to mtron amiuion. el xﬁaunremom of total neutron y!elda £rom 59 thick _

; " ‘i-,targeta in raponod here. Some anemauu were fouad that we could aot exptai.u '

o w!th t.he otatisﬁcal theoFy ih §eo prenmt form, and targets that sheulé be uaed in

"mnre detaﬂed exper&ments have been suggested. o . '-~\

, 'I‘he deta are preoented. i & form that makes them convenieat to nee in cal- -
SR eulaﬁng lhleldiag requh'ements for accelerators or in ostimating neutron bdck- o '
S zrauud when designing accelentor experiments. - : ' S

. Previous measurements of asutron yields have: coucentrazed on deuterong and o
alpha ptrticle 8, 23 altho?h ﬁbme mealurements of yields from proton bombard- '
" mients have been made. - . o
_ s - The source of protoua was the Bz-Mev proton liaear accelerator. aand the
k. incident proton flux was measured by placing the targets in a Faraday cup. 'I’hq
" . neutrons were detected £rm the activity induced ian & soluﬁ.on of Mn804 that '“Y

?

. rounded a cavity conulning thc targets, - : \.

,”  R To comp&re our results with the predictiono of the auﬁsucal theory of [),‘

o~ . nuetur reactione, the ylelds expected. were calculated on an IBM 650. We con- } \
o .eider a proton of energy £ traversing s slab of material of atomic mass A and { \ .
_ ‘ '2) ) {4 4 (E) s the cross section for the formation of a L*;

thickness dx(in g cm

" *National Taiwan University, Taipeh, Formosa RN \\\



LA ivhere E= f(x) is takan from the Range-Energy Tables.® To convert u to the
" . number of neutrons per microcoulomb, we d&vide (2) by n
R 'the charge of a proton in microcoulombs. . : )

| .-’I‘hus. we might expect that nuclear transparencyls wﬂl be important at anergiea ._.' v
| <much lower than prevlouaty supposed, and that uucleou-nucloon (orﬁ*‘knack-on or N
. direct)“’ -18 reactions will be ouperpond on the evayoution of parucles pte&lcted _ ’?

-4 UCRL-3908 .

'compouna nucleus, then the numbet of such intenctions in dx ia np(No/A)o' (E) dx
| .where N, s Avogadro‘s number and n_ is the number of protoas incident. The

proton will form 2 componnd nucleua of chnrgo Z+1 with an excitation energy

L. E+ Bp (B_ i the bindiag energy of the proton), The ltatintical ‘theory may be
§ vuud to calculate the average number of neutrons, N(E + B ). that will be emitted

ttom the - compound nucleus, - Then the number cf neutrons that should be emitteﬂ |

ou the aveuge fn the janterval dx ie

N .

,daén”(!fo/A)N(E-f-ﬁ)d(E)dx )

L ~-‘I‘ho rangc-energy relation may be used to calculate the mean energy of protons
'_ T that have traversed & distance x in a material. lo we' may lntegrate Eq. (1) over
e tnget of one range thickneu: ' |

nlE)'é-:nb(ﬂ(;fA)' J;ﬂ(?‘ +B) o (E') g‘;.,.@' @ |

VoL

pandby 160: 10 1

\

‘l‘eotu of the predictiona of the statistical theory of nuclena react&ona have

| """',"._‘been made by many experimenters. Partial summaries of their results have been -
. given by Laog snd LeCoutefir, * Conen, !¥ and Blatt sad Wetsekopt.’ 1 the most
i L ntriking succeas: of the compound nucleus was the ewpunatien of rewmneesiﬁa
| : nuclaar reactions, o F and these data alone are sufficieut to prove the validity oi‘

. the coneept of [ compound nucleus (at least at eaergieo neay the dinding energies

cf particleu) Lang and Leconteur showed that a portion of high-euergy nuclear
o fﬂ-.-reuctionc may be iacluded within the lramework of the theory. On the other hand,

. it hu beceme inereaningly clear that the theory freqnently does not lead to pred-

#:in accord: with tha data. 12 The success of the “cloudy. crystal ball® model

. \.ér",n.f‘x;» 5,

oi the :mclen:ls in cxplaining neutron crosu sections at 1 to 3 Mev and the atriking

: suteeaa of tho shell moiiel“ in explaining regnlarities ia nuolear grotuxd states ";‘ A
tend to contradict the fundameunl assumption of the theory that the tacident patticle 5 .

amalgamates with the target nucleus to form a highly excited componnd aucleus. = N

by the stntutical theory.

1 .
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o EXPERIMENTAL PROCEDURE

Protons sccéle‘ré.'ted fo 32 Mev {n the linear accelerator were- deﬂecied ‘19°

A - by é. uteering mugnct, paued through a otrong-foculing quadrupole :ystem. and
© . 4into the annex target room (seé Fig. 1}). The euntire path of the beam was in

vacunm A carbon collimator approximately 1 in, ehick and 3/ 4 ia, in diameter -

2 was placed 4 to 6 ft in front of the targets.

~ The mcets were placed in a Faraday cup jn order to meanure the number :

of proton- ‘that acruck them. The total charge collected in the cup was measured

. with'a low-laaﬁage Fact condenser; a 100% iaverse-feedback integrating electro-
o meter. and a Leeds and Noﬂhvup Speedomu racerder. The various components.
', ?wcre cali‘bra.ted to withia l% Tests with a magnetic ﬁeld of 400 gauss showed
| ‘thnt ﬁecondary-electrau emhsion i‘rom the target amounzed to less than 0.5 & 2.0%.

Seven times during the course of the experiment. the proton eanergy was

e determined by mea.suring the range in’ alum!num. the ranges varied from 0.196 to
. 0. 190 in. corresponding to ene‘rgién of 32.6 and 32.0 Mev. 8 :

The essential features of the- neutrbn-dotecdon aystem have been deaeribed

; llse\veixezz'a.gE 51 9 The demﬂ: of the detecticn system used in our’ experiment
_differed .ugmy, we ugeda 3- % 3-ft. .mminum tank with a 4 - 1/2-ia. -diam., tube
'-"throngh the ceater in which the Faraday cup was placed. In the rear of the tube was
: “:‘-placed a ¢-inch diameter plug that was filled with MnaSO, solution from the tank
. ” before each bo:nhudment. Btoraga tanks mre placed apptozimatcly 200 ft from the
e target aren s0 that the solution ia the tank could be changed whea its apeciﬁc acdvlty o
. - became great aaough to necenltate a dead-time correction greater thaa 3% A -
"--v'mechanical stirrer mixed the solu&ton in the ‘tank before a nample was withdrawn to-

60

... be meaoured and counted with immenion Geiger countorn. A solution of Co = was ',
- used to check the periarmance of the counten. _whlch performed sausfactoruy

thronghout the course of the experimant. ' : -
" A Ra-a-«Be source calibrated by the- National Bureau of Standards to a standard_ ‘_

error of 3% was used to determiae the over-su efficiency of the detection system.

The b:ckgronnd of neutrom present\smeu the target area was determined by

Ny eﬁtonding the beam pipe through the tube in the MnS@ tank. The Faraday cup
'was placed 2 ft beyoand the tank and uurronnded by approximately 1 ft of paraffin

with cadmiuvm sheots on the outside. The yields of neutrons from polyethylene (GH )

" and lead targeta in this configuration mre measured. and by comparison with

yl.elds for the same targets in the center of the tauk, the background could be
accurately determined. It mounted to 0. 15 % 10m neutrons per microcoulomb -
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aud wag “constant within oxperimental uncertainties. |

Afu: the yields of 3Z-Mev protona ‘had been. measured. we decided to

o reduce the. inddaat-beam energy to determine if some of the oblerved irregularities

Co _ in the yields were due to the particular incident emrgy used. Absorbers placed

‘been dincuned elsewhere. ~

o ia the beam path would have resulted in a 1088 of beam intensity and a much more :
... diffhsed beam with attendant experimental difﬂeulties. Instead, advantage was
“" . taken of the 20-Mev threshold

very low. yield from carbon by 32- Mev protons. Because cl2 represeats 98, 9% of
natural carboun, the yield £tam the G 3 present is negligible. The beam energy was
: i'degraded by placing & carbon absorber. sufficient to reduce the beam enérgy to’ '

20 oi’ Cu for neutron production by protons and the

18 Mev, directly in tzont of the: target in the Faraday Cup; the total yleld for

" '32-Mev protona on carbon was. xubtracted as a "backgrouad"%

et Alao 23 metallic tn‘geta wera made of such tblckaeu that an incldent
proton of 3?. Mev would be degraded to 18 Mev, these targets were placed in front

’of a carbon target in the Fa:aday cup and the neutron; ‘yield measured was that for
-prbtona of energy from 13 to 32 Mev in the metanic target. . :

" The counting ruea were corrected for dead-tlme. background. and Mn%

._.,"'_"';“?act!viw preoent befoze t.he bembardment began. The net aetivity at the ‘end of the
L : _‘bambardment was found and corrected for decay during the bombardment. If the

corrected activity is AM the charge coueczed by the Faraday cup, Q; the satura- 3
tion activity induced by a source that emitted N neuttons per minute. A'; and the

v .decay conetant of Mn% x then y e AOON(A'LQ) is the yield of neuxrons per unit
_ 'charge. : :

Pouible ‘sources of errors fet the tecimiquee used in the experiment have
45 . We estimate that the yie!ds are accurate toa
atandard error of 4.5% on a relative basis, aand to & standard error of 1% on an

o -abaolute basll. ‘This enﬁmate may be too conaervative as indicated by » comparison '
- - of the ylotdo meuured tcr the three. dweront energy. regioua. The yields for the
L et to la;QMev and the 18- to 32-Mev energy intervah were a&ded and: eompared with

' the yields for. the 0- to 32<Mev energy {ntepval.- The percentage -deviations were
o - compatible wtth a sun&ard error of 3%. 80 that the yleldc themaolves would be
S ‘accurate to approximately 2% on a :elgti_ve bgsia. or §% on an absolute basis.
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oL R‘Esums'wn DISCUSSION

: “The yield dau are glvou in Table Iin units of neutrons per microcontomb. .
' When ehemtcal compoundn are uaed to measure the yield, Equation (2) may be

o m o imed ina 'tg.ightfﬁfwd manaer 80 that the ytold for one of the elemeéats fn

“the compound can be calculated providad yields for all other elements in the com- "
pound are known Tho calculation involveo the raages for the compouid and its

P elememn we took the rangen of the elements from a plot of R (Z/A) vs Z and

L ‘aeomlcauy

c;lculated thou of the compnundl by uoumtng that the atopping power added

The- errora -hown in Table 1 fouow the discussion given {n Section n 'I‘he
s yieldi ier 18-Mev protons have larger errors than the other values becuuae they

vwere dotetmined by mbtracﬁng the 32-Mev yield for carbon from the measured
vl ..vgmmtity. vnleu the yield for: IG-MV protons was lu-go, the cubtracﬁon fatro-
duce& slzsble nnccrmnuu in the 18- Mev 7ield¢.

.The yield from deuterium mum spectal imenuoa. Aside from the

'rathet unlikely reaction p(D, He’ 3) ¢ the only inelastic reaction with deuterons

'that may occur at thue energies is the breakup of the deuteron with the emission -
of one ncutton. p(D. 2p)n. ‘!‘hus. in Equauon (2) we may set N(E + Bp) 2] in the 3
integuad and a meuuromcnt of nis euendany a mea-u:ement of J ¢ (E) HE (E) dE.
We then can calcuhte the inelastic cross uection for dcuterous nveuged over

thc apprepriaﬁa cnorgy intarval as ¢ f EE (E) dE =7 R, where R is either the -

range or the target thickness. - -3

' We have plotted abme of the data in Figu. 2to £ to d!splay the dicconﬂnuttles ‘ |

at Z= 30 snd 30, and the very low yteld for uickel compared with the aeighhériug

" elements." ’rhc reguhr ﬁuctunttonn for 2. <30 uzcord!ns to whether the tapget |

nucle‘us is evea-even or odd-eveu are very promwced It is interesting to note

that the average neutron excess, (N-Z)/A, follows exactly the same pattera as the

" neutron ylelds. even to a proaouucod dip at nickel, 8ucha correlation mizhc be ;

expected except that lt is not abvioutly p‘redicted by the suﬁaﬁcal theory of auclear
reacuona. o

B m” ‘““Pendent experimeut-"’ 2.2, 23

‘have monured o (E)FHE) for varioua -.

- elemenu in thia energy region, Cohen'a results agree very well w!th ours through-

out the Portodic Table; Kelly's data gives an aveuge oN for bismuth of 2.77 com-

N l, ‘Pi»rcd viitk the 24020, 12 that we menuredx Ghonhal't data givea 0.87 for Cu"

eompued with the 0 88 & 0 04 that we measured for nstuul copper (70% Cu 3)
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Tabld | 3

Neutro:a Y&alda for Thick Tarﬂets Bombuded by Protons
(ia units om“’ neutrona per microcuulomb) -

"'Tféivr'gg’t : "'. v ) R S B Energy lnterval oﬂ Protons (Mev) .
= \ T - - o3z , 0 - l& - ...',.«» 18 T

SUEEE- 1 (- IR | S W & [ ta,q_g S  ..
A 7 . X S 316 s020 - -
CuBe LM 695 . %946
CUUB o a2l 0 L14 #0020 - -
Bl a0 e Ll

LUNEN) T 198 #0830 ‘uo? R
L om0 © . 1L30.#008 0.08 'aooa -
o '.'j"'gﬁ{mam LT 45 k08 0 096 207 -
CUUNa T a8y 0810 £0.07 L
Mgl T Mes Tl 0.25 #0.08 174 20.10
COALT a6 L 046 20,060 2.64
FUe L 0 T ae98 . - 0,10 £0.06 -
R - S 7 107 #£0.10 0 0.008 £0.05 -
e ((3614) . 3.74. 2019 0 052 4010 -
LK (K850, -and xcu o L4b %008 0 - e026 0 -
Ca(Ca®) . - 051 4008 0 4013 .
T L 6.34 a:o 49 1,09 £0a7°
..:'_[i,“"n (alao 'no) oo Ter -ﬁjx,.:r}ej £0.13  *s7.10
SN e 230 #0185 -
s TeE T T T 669 2044 126 . #0.16 | -
e Ma e T a6 T L2t s0r o
L. Fe T T p00 . 100 %009 . 478
L Ge(Coy0). . 8.20 £0.80 . 162 #0108 -
[REE . | SR S+ 306 . 032 2006 268 -
7w T 830 11 #0012 - 6.45 0
Czac - a6 . L3z £001 . 585

G (a!ao Gl‘i ) L ) 6'567 & 6-"037" ;. 0 o '0'.‘56_73; 0.037 o
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,',rable' 1 (c-oy_tinqu) '

"‘-j,»'.'I_";ai'}‘g:et. ' e Euergy Interval of Protona (Mcv)
BT 0to32 . - 0tel18 '.'_.!8to3z

- Ga (Ga,05) . 12.5 £0.1 232 w038 -
4 GeGeO;) 116 w06 208 016 . -
Ge® S 130 =07 280 022 -
e L N
-'g,j;s.s £0.7— - 228 2018 . -

© 8.67
2,02 £0.13 9.80

2010 £0.15 - 9.65
214 £0.15 - 10.5
1,98 £0.20 - 11.1
SRS R SRS 7 15 S 1.94 %0.19 10.0
Logh SRS TS B 2.08 #£0.15 1.0
) Te o | - '.':13 0 g@ﬁ@@g . . o -
1(Na1) L 136-¢08 4_'z..35 €017 . -
“Ce (CaCl) T ¥ T B 3%
Ba (alao Ba804) - _,;__"__4'.1128 S SN -; e
: Ce(CeQZ) o o anens06 . .
UUNANg0,) 0 1097e09 . -
e da oo a6 - 140 2023  #10.4
SLOWoL s 130 4019 w62
RS S 14 L1 =040 926 i
v tAw 108 105 £0.09 948 i
- Hg (HgO) e 0.86 £0.09 - .
mé o 100 < 0.85 %0.09  9.15
Bt (é_'l;sq Bi,05) 10.0 ° 099 £0.10 879
- Th . o 203 , - 1.94 £0.13 S 160
U o .0 0233 .2.28 2015 *18.0
u?® 195 %20 - L

rgerrerce: area
> Soarrd hs RS N AN POt g s Pat o Mg - o T arria i TSN SRS S T S Pt & s St o WM . b s Wb v
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s ) _Tabl,é, 1 _(conv,tihued.‘) '

- Nt A Mmm—-\ve e e BN T

;’except as noted (atandard ex‘ror of a single

measnrement)

(b) In cases where the y’ield of an element was calculated from the
yield meaaured for a compound tho compound is indlcated in
parentheses. o . ) _ ‘

Target too thin for indicated energy intetval

Tar,get too thick for indicated energy interval

L 2 i o et 9 s Grnariee. purn € o » s 5 o - .
ey TERR SR,




_-u- o .  UGRL- 3908

o To calculate the yields predieted by thé"itati:ttcal theory of nuclear reacﬂoun. .
[;&t iu neceuuy to know: '%v (E) and to. ealculate N(E) in Equatton (2). For o (E) we ~
--*’fﬁse the appruimatiann T ST - S

R v«mumm u-’f m-’ o

BOR where R=1, SA‘/3 x 10 ‘“ fe the nuclear udius. X =k (ZMB)' 1/2 10 the o
> DeBtaglic wave length of the preton. and Y= B/E ia the ratio of the Coulomb
""".-ba.rrier to the proton kiuetic energy. L o : S ,
Y We calculate N(E) by aalaming that only protons or neutrona can 'be emitted .
~, by the exeited nucleua. i the probabmty of neutron emisslon i Pn and of proton ]
o ,emiuiou u P p. ‘then P+ Pp = 1, - 'We golved for P and P, by mlculaung P /P '.

L s P
':-;-—__from the formnla given by Lecsomur’z‘& R - L

14 R,
F: \-a-\ ‘nf) 'egp,(ff\q-?‘l . - AR )
i s
S emd - S )
T 'V'U ] "?": A _sz .

- whete exp (¢ /’t El/ 2") is the energy lovel deulty of a%%nuclene at an excititian |
o energy K, R i the energy available for the emiuion of particle x from a :mcleua
a"'excited to. nn energy U, E {s the neparatian energy of % from 2,' V il is the
' ’-'effeetive poteuﬁal barrier for x, and 7 is the nuclear temperature, For. protons B
. we used V s 0.78, where B is the Coulomb barriez. We assumed
5 . A e (0.4 A)I/ 2 because LeCouteur'a madiﬂcndon oi A was too .ugm to
‘ eauu amy appreclable effect on P / Pp. The rauct are oeus!tive to the values
of E these were taken from the nuclcar veacdon energieszs because differences
P ’la mauee are the vital qmtitien._ Some masses were nnmeaoumd; these were
LA eoﬁmated by plotting Myvs A for a givean Z. The estimated masces should have
' ai(ected the caleulated ylelds only for four {aotopes indicated in Table II. -
, - We followed the eminten cascade by auuming that all particles were .
' ," emitted with the med:taﬁ eaergy, 1.7 cr. uatil the residual excitation energy was
ingufficient to permit further pruton or neutron emission. Then N(E) is the sum
o 'ef the weighted emiuton probabmues. - - -

s “?
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B

e b Aot

S Ty

ok ST ORETEIOR -

. Calaulazed and eboemd ytelda for awer

al odd-

elements bombazded

PR

S 29

: by 32-Mev protons, (ln units of 10 eutrons per micracoulomb )
| Vnelv;ative : Calwtate'a Wcighted Gbuwcd o
R 2 A Abundance Yield - Yield Yield Ratio
EETIEETY 0.754 3.31° 1.87 374 0415
- 1 0.246 178 , | o
39 0.932 266" 3.71 1.46 0,394
| 4 0.068 18.1 o
- U 4 1.000 13.1 6.35 ' 0.485
238 - 51 1.000 17.1 9.24 0.540
25 88 1.000 16,7 1.16 0.429
21 59 1,000 16,8 8.20 - 0.496
63 . 0.690 11.4 13.4 8.30 0.619
. 68 -0.310 - 17.8 ‘ | o
31 69 0601 15.0° s 128 0.744
. TR 0.399% 19.5 -8 o |
.33 12 1.000 L XY 13.0 0.730
3% 19 - 0.506. 16.3 : .@ﬂ;@,{g : Ry Ry
8 - 0.494 18.8 TR 13.8 0.771
49 113 0,042 16,67 Bt X 12.9 0.737
A 18 0.958 1.8 |
83 127 1.000 16.6 136 0.820
83 209 1600 " 12.9 10.0 0.778

e

Mwmmmmw*mm

: C;!euhtioa of thau yialdc iavﬂlwd the use of estimatcca masses that affeeted
the p, zn orp, in roacﬂom. : _

o e

it



o occuplos an { shell,

~13- . UCRL-3908

N(E) =3 Pn Pm Pmn + Z(P P‘m anp + PP o Papa t PpppaPi,“) +

. |
Papnpp opp P pp pnppnp +P pppp?ppﬂ

L wherc Pijk‘m {e the proba,bitity uut panicle & is omitted !rom%’he excited nucleus
ﬁmowing eminioa of puticie { in the first step and particle 4 in the second etep, .

_' .Tand the oﬁgina.l excitauon wau E.If only one partic.le contd be emitted, then we

\ : :havevN(E) a' it only two, .

4'N(E)aZPP.+PP 4 PP

The integraud of Equation {2) was evaluated at 10 equally spaced points for b

--f_ia mgat eqm {n thickness to the range of 32-Mev protons, and the tnzegral cal-
o ;.culabed by nsing Simplon's l/ 3 rule. ' :

“In Table. 11 we have Hsted the yields calculated ia this mauner for soveral

. "‘.f:::‘{,olementa. , The ratio of the observed to calculated yield is also given and ia plotted o
' ia Fig. ‘f Tho nguhrity shown by the ratio as Z fncreases is remarkablo° in
particnlu*. the fact that the raﬁo is euentlally constant for Z > 31 causes ue to

believe that the statistical thaory as used is lnsafficient to explain the. diucontinuity

. ﬁald o‘burvtd at Z = 31. It ie difficult to ascribe the discontinuity in (N- Z)/A . "
' "at thq n.mé value of 2 tb coincldeac’e. but we have not been able to construct z .
. uﬁnfactary Hnk between the two phenomeana. Cochen and Newman
o uimnur ‘break ia the uouwon—cmiuion probabiuty at 2= 29, but for 2 = 30 they
- v,-;uud a nentroa-rieh notOpo of zinc thit has a neutron excess appropriaca for

‘ elemeau with 2> 30.2.6 A large, {p, 2p) croes -_eetlou for nickel hu also begn' w

26 oburved a

oblerved 37 : ‘
. oRe proceu that appears captble of explaining the aharp breaks at Z =21

: and &* 3! ‘was advanced by Austern et al. 16 The simpleat case they considered -

vaa of a ughﬂy bound nentton faa definite atate of orbital angular momeumm; an .

' i.ncident proton was supposed to knock out the mntron and be captured into a dafinite

state. of orbital angalar momentum. Now at Z = 32, the proton added to a ‘ancleus
“" 5o that a proton incident on gaJlium {Z = 31) might euily be
c?:pmrad into a state of high &nguhr momentum and knock out a neutron with little

vor no ehauge in the angular momeatum of the reddmﬂ nucleus. A nimuar situation

occurs atAs= 20 but there ua ao ncntronc a.vauable in states of high angular

"'momntnm. and the reaction might be cuppreued until scandium (Z = 21), when

neutrons in l states of angular momeantum are available, A large fraction of the

-~ reactions would have to proceed by this mechaniem to explain the abrupt discontinuities,

3 .
- S
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and meaaurements oi neutron angnlar dlstributionn £ar netghboring iootopes wcnld'
be valuable s '

IV SUMMARY AN D CONC» LU$IONS

The maiu resuln of the neutrou survey we have reported are new

-’_jreferénce ‘poiats for neutron ylelda by protone and a. sugge stion of targets to be.
nsed in mare detaned experiments to study the proee“es recpenaible for neutron . -

producuon at enorgies ai tem of Mev. Tha yield daza themselves suggest that

tlnuitiea bbaerved and the simple calculations we hauésr periormed support that
sugﬁe ation.. More detailed calculations do not appear to be justified until more
detaiie& eﬁpariment- are available. ln particutar. it would be- ‘well té study the
charged-particle eminston as. well as nmm'on emission from aeparaeed isotopen

y 'ﬁueal theory of mu:lear reactions is not capable of expiaining the discon- } :

in thc regions near caleinm and zinc. Measurements of the aagular d;etrlbuﬁena" o

conlﬁe be compared with lheoretical pudictiona 16, 28 ‘that are available. and

energy distribuﬁom mighi be helpful in deciding whether the statiotical thaory is .
applicable. A comparison of neutron-indmd reactions would also be valuable in :
decid{ng whn role the nentron exeesa plays, and whether it ia the aeutron excese'
af thc target or componnd awcleun that is’ lmportant, ‘ ‘ =
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S samws
‘ Fig 1":' Plan view of the experimental setup.
. Fig 3 The yield of neutrons in units of 10

10 oeuitoo_s per pcoolomb is plotted
" vs the atomic nnmber of the target nucleus. The data in this figure are
for 32 Mev protons incident on thick targeta. 'I'he drop in the yield at

high Z numhera is most likely caused by the coulomb barrier.

' :,-,.-__.Fig.. 3 Neutron ytelds are plotted vs the atomic number of the target nucleus

for (3&) 18-Mev protono incident on thick targets. and (3b) BZ-Mev protons
incident oo targets thick enough to- degrade their energy to 18 Mev. Some
of the latter pointa were obtained by subtracting thick-target yields for
m. and 32-Mev protons. The 18-Mev data show the effect of the coulomb .
barrier at high 2 mxmbers, and the general simila.rity of the two plots

. is atrikiog. '

| Fig 4 The ratio of the. obaerved yield to the calculatoe! yleld is plotted against

the atomic nuniber of the target nucleua. The abrupt change in this ratio -
- at Z = 30 shows that the otatisti.cal theory doea not predict the increaae in
- neutron prodnction observed here althongh the theory apparently predicts

e the drop obeerved at Z = 2.0
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