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NEUTRON YIELDS FROM THICK TARGETS 80MBARDED 
BY 24•Mev DEUTERONS AND lZ·Mev PROTONS 

W. E. Crandall•, 0. P. Millburn*, and L. Scb.ectert 

Ra~iatlon Laboratory 
University of California 

Berkeley, California 

June 1956 

• ABSTJlACT 

The gross yields of neutrons prod11ced by Z4 ·Mev deuterons bombarding 

Be, Cu., Ta, and U and by 1Z•Mev protons bombarding Be, Cu, and Ta were 

measured by detecting the neutrons in a solution of MnSO 4 that surreunded the 

targets. The yields were (in neutrons per JlCOulo-.nb): Z4·Mev 'deuterons: 
11 . 11 11 . 11 . 

Be, 1.85 x 10" ; Cu, 0.55 x 10 ; Ta, 0.52 x 10 ~ U, 0. 73 x 10 · ; lZ·Mev 
. < 10 ' 10 10 

protons: Be, 4 .• 1 x 10 ; Cu, 0.61 x 10 J Ta, 0.15 x 10 • 

4 

* Now at University of Calif:oruia .Radiation Laboratory, Livermore, Calif. 

t Now at Oregon State College, Corvallis, Oregon. 
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NEUTRON YIELDS FROM THICK TARGETS BOMBARDED 
BY Z4-Mev DEUTERONS AND lZ-Mev PROTONS 

' ' 

W. E. Crandall, G •.. P. Millburn. and·L. Schecter 

Radiation J.,aboratory 
. Univeraity of California 

Berkeley, California 

June l95i 

1. INTRODUCTION 

' . ' 

Shielding reqtlirements for bigh"-energy particle accelel"atore are ·based 

upon attenuation of the n.eutrone produced by nuclear reactio~s in the targets 

and other materiAls, 'b~t little information on the prod'-!ction of neutr.na by 

high-energy particles has.been published. The work presented here is con• • 

cerned w~Ch the production of ne.utrons by 24-Mev deuterons and lZ:-.Me.v protons. 

Although. d primary intel"tutt for determining shielding requirements, the data 

are alao •asefullor the design of inten&e neutron source.& and of interest in 

connection with nuclear reaction theor-y; any comparison with theory, howev~r. 

· would be unsatisfactory because of the small number of elem·ents investigated. 

The data may be· usefUl in eeti~ating the impQrtance of neutron background 

wb~n accelerator. experi-ments are d.e.signed. 

For determination of the yield of neutrons from particles incident on thick 

ta.rgete, the number of particles striking the target and the number of neutrons 

emitted from the target must be measured indepeuciently. The number of 

particles was measured by placing the targets in a .faraday cu.p. and ·the neu.trons· 
. • •.1 . . . ' . 56 

that escaped from the target were detected by counting the Mn · _activity in a 

, solution of M.n s.o4 that .surrounded a cavity that contained the targets. 

Grose yields for 10-Mev deuterons and 30-Mev alphas have been 

measured by Smith and Kruger1 using this method, and the fast-neutron yields 
·. . . z 

for 15-Mev de'-lterons have been meastu•ed by Allen et al. by a different 

1 
L. W. Smith and P. G. Kruser, Phys. Rev. !!,. 1137 (1951). 

Z Allen, Nec:haj. Sun, and Jennings, Phys. Rev. !!• 536 (1951) • 
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method. Recently Cohen3 has used threshold detectc:u·a to obtain yields for 

2~•~ev protons and Tai4 has used the MnS04 tank detection method to measure 

yields for 32-Mev protons from the linear accelerator at this laboratory. The 

yields of neutron& ft'om targets bombarded by deute.rons and protons in the 

·.energy region of hundreds of Me~ have been measured during the past several 
. 5 . 

years and have recently been declassified. · 

The source of the charged particles was the 60•in~h cyclotron of. the 

Crocker Laboratory of the University of California. Beam. Cl.lrrente of the 
.. . . 6 

.ord,er of microamperes were used in a strong-focused exter.nal beam • 

. ll .. EXPElUMENTAL PROCEDURE 

A. Bearn Extractipn and Characteristics 

The general problem of extracting the beam from the 60-inch cyclotron 

and the strong-focusing aystem has been described by Ellis. 6 The same 

method ~s used for our expedment, but in order that the ~n.SO 4 tank could 

be t.u a region of low neutron background, a steering magnet was placed just 

outaicle the cyclotron shielding ta~~ (eee Fig. 1) and the J;team deflected 
' 0 . . .. . 

a.,}:.u··oxbnately 15 • Th·e entire system was connected to the cyc::lotron tank 

in order to maintain a vacu.um. 

The beam position and sbape at the target position were observed by 

permitting the beam tG pas~ Ulrough a 0.001-inch stainless steel foil and 
strike a fluorescent ac.-een. The steering• and !ocualng-magnet curreutS were 

adj'u.sted, and the faraday cup positioned, 80 that the beam was contained in 

a small spot in the center of the· target position. The cu~rent bittln1 the brass 

tube leading !rom the steering magnet to the fataday cup could be measured; 

the eteering maguet current was varied to cause the· beam to hit fir at one, then 

the other l!lide, and the magnet current was finally adjusted so that the beam 

woWd not wander onto th.e brass pipe. No data were tAken until the beam was 

accurately positioned and no current could be detected on the braes pipe (a 

cl.\rrent of lees than 0.01 ..,.amp could have been detected). Some of these 

3 B. X... Cohen. Pbys. Rev. 98, 49 (1955)• 
4 --- . 

Y. K •. Tat, to be published. 
5 . 

W •. E. Crandall and G. P. Millburn, Total Neutron Yield from Targets 

Bombarded by Deuterons arui Protons, UCB.L•2063, (decl. March 1956) • 
6 . 

R. E. Ellis and L. Schecter, .Phys. Rev. 101, 636 (1956). 
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p~eea.utions were not necessary for the proton bom'bardmen~ (eee Sec. F). The 

steering-magnet current was regulated to within 0.1%. 

Typical currentS ott the target were 0.1 to 1.0 .,.amp for deuterons and 

0. 7 .,amp for pt>otons. A. maximum beam of a few mic:rctamperes waa aval~ble 
at. the target. · The beam at the target wae contained within .a .circle of l•inl 

diameter anc1 the targets were 4 in. in diameter, except for the proton bom• 

bardm.ents (Jee Sec. F). 

B~ Beam Mon\torinB . 
· The targets ·were placed in a faraday eup formed by a bras a cylinder 

6 in. long and -i-in •. in diameter (see Fig. Z). 'A l-in. section holding the 

t•rgeta could be insulated £rom the remainder of the cylinder and the currents 

.·-·on each section meaeurecl separately. The negative current (from eecondary 

electrons produced. in the target and etopping in the isolated section of the 

cylinder) amounted to approximately 10% of the recorded positive current 

from the target, and wa,~ roughly independent of tb.e target material. 

The total net ~barge collectecl by the faraday cup (target and cylinde~) 

in a .bombardment was placed on a low-leakage eondeneer connected lb. the 

inputs of a lOOo/D inverse-feeclba.ck integrating electrometer. The electrometer 

eignal was niea\ured and recorded on a Leeds and Northrup Speedomax ~t .. 
waa automatically calibrated against a standard cell before each bombardi:nent. 

The condensers were c:·ompared with a condenser c:allbrated by the National1 

Bureau o£ Standards to 'within 0.1%, and the electrometer scale factors were;. 

calibrated to within 1 'Yo. · 'Thue the charge could be measured to witbln, 1 o/o, 
but because of pGSetble leakage of the secondary electrons, we have assigned 

a standard error of 3% to the measurement of the number of particles etr~rig 
'\ 

the taJ:"get. 

C.· Neutron Detection 
' i 

\ . The targets were plf.ced near the center of a large aluminum tank ' \ l 

(5 by 4 by 4ft) that had a l·by·l·by-5·ft tunnel passing through the center. 

The rear of the tunnel wae filled with a· removable plug approximately 14 in. 

deep,· and solution· was pumped continuou•ly between the plug and the tank. A 

layer of MnS04 solutic:m. at leaet 18 in. thick su.rrounded lbe tttnnel. Neqtrons 

that escaped !rom the target were moderated by the water. and some of them 
ss 56 56 were finally captured by Mn to form radioactive Mn • When the Mn 

' ' 
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activity was to be measured the solution _was stirred manual:ly with a pair 

of large Paddles suspended itl the tank and a small sample was drained off. 

Au accurately measured. volwne o£ the sample was placed in a container and 
. . 56 

five Geiger cottnters were immersed in the sample to-count the Mn activity. 

The mixing and sampling techniques were tested and fouud to give resulte 

consistent to within 1 "/c. The above technique permitted the bombardments 

to proceed without the <!elay that would have resulted from immersing 

co.JJ.nters directly in the tau. 
The detectioa efficiency of the solution and counters was determiaed 

by placing a O.S•g Ra-Be source at the target position with the brass plpe, 

faraday cup, and ~\«et holder in position. Tht!! source was left in place lor 

several hours and the saturation activity determined. The source was cali­

brated by the Natlonal Bureau of St&ndaJ"ds to a standard error of 3%. 

Several po_ssibllitie& £or error are inherent in t~is method of de· 

'ectin:g neutrons. Probably the most important is a difference between the 

~nergy spectra of neutrons from Ra•Be and from the targets. However, 98% 

or· more o£ the neutrons .from the Ra•Be source are ~c:aptured before they es .. 
. 7 • . . 

cape from the tank, aad the majority of the neutrons emitted !rom the target 

are probably of lower energy than the mean energy of the Ra-Be neutrons. 

Another cause of error would be an eJttreme dlt'ference between the 

angular distributions of neutrons from the source and from the target. This . 
/ . . 1 

ll not expected to give rise to any larae error. 

Variations in the helaht of the solution in the tank would abo change 

the specU'ic activity ~because the outer layers of solution, which are l~ a .. 

r~glcm of very low neutron density, tend mainly to decrease the over-aU 

apec:iflc activity. However, the height of solution is easily controlled &iad 

does not introduce any appreeiable error·. 

V · J. H. Rush. Phys. Rev. !!• Z71 (1948). 

r 
I 
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D. C~~tin1 P~ocedure 

.. . Two sets of Oe1~r t\lbes were used to count the samples from the tank, 

and a solution ~£ Co was used throughout the course of the experiment to 
check ·the reliabUity of the tubes. Five Tracerlab TOC-5 glass-walled tubes 

were connected 111 parallel (isolated by crystal diodes) an.d immersed in the 

solution samples. The depth o! the sol\ttion in the eample holders was 

'determined so that a variation of 1/3~ in. caused lese than 10/o variation in 

the counting rate. The depth o£ the so1utiotl was always carefully adjusted 

with syrtuges aad could be accurately reproduced to within 1/64 in. 

· ·The counters performed satisfactorily and the co60 standard solution 

gave counting rates reproducible to within counting statistics (about 1%) • 
• The measured coUl'lting rates were corrected £or normal background, 

56 . . . . .. 
Mn · activity present tn the solution at the start of th• bombardment, decay 

durlns and after the bombardment, and dead time of the co\Ulters. The beam 

current was assumed to be coaatant, but fl.ucttaation.s would have introduced 

a D.e8llsible error because the longest bombardtnent was only about lOo/o of 
the mean life of the Me. 56 activity. · . · 

The collhting ratea were always kept low enough so that the dead-time 

eorreetlon amounted to less than 3%. 1u order to·do this, . some samples were 

counted with only oue Oetger tube and the ratio between counting rates with 

· ·one aad ttve· tubes was deter,inec:l (it was typically 4.9). It was also necessary 

.~t !f-mes to ·dilute the MnSO 4 sample with water: this was doue by filling the 

sample holders with water and adding an accu.rately measured volume of Mnso4 
'8olu.tion. Yields from ~e were measured by all counting techniques and gave 

results consistent to within 3%• When dilution ~as necessary- the sample 

holders and tubes w-ere carefully rinsed with water and dried to remove the 
. . . . 

Mn.S04 remaining from the previous sample. The .-atlo between dUuted and. 

undiluted actlvltles wa• tYPically 15.9 X 4.9Z = 78.3, whe~e tS.9 l• the ratio :f~r' :· 
. ,. ' . 

• . dUuted sample cou.ated with five tube 8 to the u.cdiluted SJ!Lmple eounte~ with 
. . I 

6Ge tiabe. and 4.92 is the ratio between th~ coUD.tbtg rate from flve tubel, arid 

one tube. All cout1tlng rates were normalized to that rate 'which would ~ve 
I 

beea measured with ftve ttabes. . r 

The number of neutrons emitted during the bombazodmetlt co_uld then . , ·· 

be cabiclated. 1£ A • b the saturation aCltbity of the solW:ton indaced by a· 
_beutroa source emittlttl N ueu~rou~~~-~~-·mlnui~; then f e N/(XA•) is the ~· :t 

\ 
\ 
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number of ~eutrons per unit counting rate ("-is th~ decay eonatant of .Mn56 = 
l/ZZ4 min • 1). 8 Then the· 11.umber of neutrons added during a bombardment 

h n c fA if A is -the net activity at the end of bombardment (corrected for 

decay dur~ng bombardment). 

E. "Targets 

·The targets were 4 ln.' in diameter and at least ~0% thicker than the 
' ~ . 

t"ange of a ZS·Mev deuter011. They were made of stock material. 

·The ~rgeta were chosen to represent various parte of the periodic: table, 

and in particular to withstand tbe htah heat load from the beam without ap~clal 

cooling device a. 

F. ,Backs round 
Tbe · background from neutrons produced elsewhere than ln the &arget 

could not be directly detennit'led for the deuteroa bo~bardments, but vario\ia 

linlita could be assigned.. The det.lteron beam was stopped 1n carbon at position 

A inside the cyclotron ahlelding <•ee Fig. 1) atu! found to give a negUgibie · 

actiVity in the MuS04 taDk (the activity added. by 1000 tLcowomba of deuterons 

}'168 110 lf: 70 COUUU per blinute, 01" (1.5 6 1.0) X 101 neutrons per p.coulomb). 

The deuteron beam WI',S alao a&opped in carbon at position B ou.teide the c::yclotron 

shielding, and gave rl·•• to an activity corresponding to (6 • 1) x 108 neutrons 
per .-,coulomb. ·Both theae background sou.rces a.re negltgible compared with 

other aourcee of error. A more aed~ua background aouroe would arise from 

neutrons produced in &be lu:as~ pipe leading ·from the magnet to the faraday 

cup, but ain.ce the current hitttna the braaa pipe wae always leaa than 1% of the 

current hitting the target, and since copper hal a low yield, tbts source may 

abo be neglected. 

The energy o.f the protons 1a well below that needed for neturon production 

· · in carbon, ao a background could be taken With a carbon ta.rget for the ~rot.on 
bombardment&. Tbia meaau:rement. gave a '*yield" of (l.l * 0.3) x 109 neutrons 

per p.co\llomb. · Thb relatively high backgrou11d ~hould probably be explained. 
. + . 

Molecular Hz lone are acceler&te4 in the cyclotron au.d••rather than assume 

that no etrippicg oecurred in tb- collimators ol- el•ewhere•-we introduced a 
+ . . + . ~· ~ 1/4-mil Al loU at poe,tion B to atdp aU the Hz ions to atomic H iona. The 

reewta.nt scattering apt"ead. out the beam so that the ratio of current etrildng 

the target to that atrUdng the braa·s piP;e was oftly ·Jal. 
I .. 

Hollander, Perlman,. and Seaborg, .Revs. Moclern Phya. !!.• 469 (1953). 
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Ul. RESULTS 

A. Yields 

The yielda of neutzooQ.e fzoom i4•Mev deuterons bombarding Be, ~u, Ta, 

and U and tzoom 11-Mev protons bombarding Be, Cu. and Ta. are given in 

Table 1. For compari•o.n we have also Ua.ted the yields of 10• aud 15·Mev 
l z . ' . " deu.tei'one, ' and 3Z•Mev protone. 

a. Errors 

The poss~ble 8ou~ces of e1"ror mentioned previously $ore listed here wilh 
esti.nULtes of their ma'gnitude (etandard errors): 

(1) neutron source calibration 
· · (Z) backgro.md 

( 3) beam monitoring 

(4) solutlcm. eampUng 

(5) counting stathtice 

(6) energy difference between target a.nd 

source neutron• 

(1). variation \n height of solution in tank 

(8) neutron capture by targets 

- lo/a 

1: 30/n 

~.Z% 

<1% 
Thus an estimate of the poesible systematic error to be compou.nded with 

the relative errors given in Table I ia • 6o/t> (standard error). 
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Table 1 

Neu~ron Yields fl'Om Thick Targets · 
(in aits of 1~ 10 neutron• per ..,coulomb) 

A. Deu.teroaa · 

&e 
.Cu 

Ta 

u 

B. Protons 

• 

. 24 Mev· 

18.5 • 1 .. 0 

5~5:1:0.3 
. . 
S.l * 0.3· 
7.3. 0.6 

1a.Mev 

4.13•0.21· Be 

cu 
Ta 

. o.61. * o.o6 
o.1s * o~o• 

a eee Ref. 2 

b . £ 1 see Re • 

c a~e Ref".. '4'r 

. ' 

> 1.90 
>o.at· 
>0.33 

11.1· • O.CJ 

8.30 * 0.4Z 

12.6 • 0.6 

· 10 Mevb 

3.Z3 • O.Z4 

0.55. 0.05. 

0.074 • 0.014 
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IV. CONCLUSIONS 

The result• given io Table I eetablish reference pointe that permit the 

design of shielding for medium-energy accelerators. 1u every case it is seen 

that Be produces more neutrons than any other element etudled. 

The effect of the Coulomb barrier in auppreaaing the yield from the heavier 

eleZJlenta ia apparent from a compar~eon of the yields ae a function of energy. 

TAus in going from 10· to 14-Mev c:lellterQtLa, the yield from U increases by a 

factor of 100; from Cu. by a factor of lOa and from Be, only by a factor of 6. 
Similar behavior ie shown ia &he proton data. 

To calculate shielding requirements, the safest procedure would be to use 

the yield from Be to determiae the maximum requirement• • 

• 
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Fig. 1. Schematic diagram o£ experimental arrangement. 

Fig. Z. Schematic .diagram of fa.raday cup. 
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