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STRACT
e h g Bt ' . 12 11 .
- The excitation function for the reaction C™*(p,pn)C" has been meéasured

from threshold to 340 Mev using the Berkeley 4O ft, lineer sccelerator end 184

inch. cyclotron, Absolute cross section neesurements were made at various energies,

using a Faraday cup- and c,llbrated beta-counter, The threshold occurs at (18,5 ¢ i
0.3 Mev), The cross section has a broad mexdmun of 100 mlllibarns near 45 liev end
deoreases to 43 milliberns at 340 wev.

The formation of rediosctive G from C-2 b& high energy perticles

(protons, neutrons, deuterons, and alpha~particles) has been widely used at this -

4

' : 1-6 : ¥
_ leboratory es a monitor and detector,” = ' These reactions have threshold near 20 Mev

end therefore discriminate egeinst low energy beckground, The positron activity of

1. A C, Helmholz, E, M, McMillan, end D. C. Sewell, Phys., Rev., 72, 1003 (1947)
2. W, W, Chupp, E. Gerdner, end T, B, Tqylor, Fhys. Rev, 73, 742 (1948)
3. L. Cook, E. M, Mchillen, V, Peterson, and D, C. Sewell, Phys, Rev, 75, 7 (1949)

4¢ A, Bretenshl, S, Fernbech, R, Hildebrand, C., Leith, end B, Moyer, Phys. Rev,
77, 597 (1950)

5. S, B, Jones end R, S. White, Phys, Rev. 78, 12 (1950)
6, W J, Knox, Phys. Rev, 81, 687 (1951)

* Now at Jalifornie Institute of Technology, Pasadena, Celifornia
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11 7
.G (0,97 Lev, 20,5 nin,) ' is convenient for short sctivation and counting periods,

-

Carbon tergets are readily aveailable in the form of graphite or polystyrene,
[ 5 polysty

Knowledge of the variation of the cross section with _energy and the
ebsolute value‘of the cross section is important to the extensive use of such re-
actions, The CIZ(P,PH)Cll reaction is of particular interest because of the
utber of existing proton accelerators, A considerable amount of work, both cx-
pevimentel and theoretical, has already been done at the Radiation Laborzstory on
this reaction, Before the 184-inch cyclotron was converted from deuteron to

proton acceleration, Chupp and Mckillan® measured the relztive excitation curve

up t0.140 kev using protons "stripped" from 190 lev deuterons inside the cyclotron

-~

vacuum teank, Using this proton scurce, Mckillan and iller? deternined the
sbsolute cross section at 62 liev, Hore recently Fanofsky and Phillips,lo working
with the Berkeley 32 Kev proton linear accelerator, esteblished the excitetion

-

curve up to 27 Mev., In particular they studied the region just above the thres-

.;hold.in detail where the reaction wes shown to be C12(p,d)c1l, Heckrotte end
- y! ’
Wolff! nave caloulated the excitation curve to be expected for both the (p,pn)

~ ‘and (n,2n) reactions up to 100 Mev using a model of the nucleus proposed by

R Serﬁer.

7. E, Siegbahn and E. Born, Arkiv, Mat. Astron, Fysik 30 B, No. 3.

8, W, @i Chupp end E, M. McMillen, Phys. Rev. 72, 873 (1947),.

* *

S, E, M., Mchillen and R, D. Hiller, Fhys. Rev. 73, 80 (1948)

acl

'iC. W. K, H, Fanofsky eand R, Phillips, Phys. Rev. 74, 1732 (1948)

11. W. Heckrotte, P, Wolff, Phys. Rev, 73, 204, 265 (1948)
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The new experimental work described here was performed mainly after an
external deflected besm‘of 340 Ke#ip;otons becéme availeble froﬁuthe 1l8/-inch
cyelotron, Msoluto measuremohtsiofvﬁhe'(p;pﬁ) cross section at proton energies
of 340 kev and below were then possible with a well-collimsted besm, Additionel
work with the linear zcce leratorvhas exténded he previous exc1tau¢on curve up
to 32 kev, and an dbsolule deternination of the cross section &t 32 ilev has been-
made with improved accuracy. Considergble effort has been spent in the prepe

tion and celibraticn of a beta-ray standard in crder to establish the sbsolute

values of the cross sechion cover the entire enecrgy range. FPreliminary results
of this work have Leen jubliﬁhed,lZ Bxperirents wusing these early values have

been dc crived in-the literature, 13 . .
- ‘ 11

11,  EXFPiidibils USING 340 WEV FROTUIS

‘A, Deflected Proton Beanm

periments requiring a well-eollimeted beam of high encrgy charged

particles liave beer made possible by the electrostetically deflected beam of the

by

184-inch cyclotron, UThe deflected bezm is bent through about 20 do&rees bv

3

auzlllaﬁy magret after emerging from the cyclciron tank, The beam de bo col-
ved at'two positions, one just before entering the auxiliarv "bendinv"
marnet and the otnc st the exit end ("snout") of the 22-fcot 1 ong 1ube ; ssing

trrcu h the coricrete ghielding. The "snout" col] imetor is a 48— 1onﬁ bruss

column with en axiel 2-inch di meter cyllndﬂ &l opening into which collimeting |

P Y
Lt

tubes of smeller epertures may be fittedb During most of the runs described

.

12, L., kamodt, V. Peterson, and:R, Phillips, Phys, Rev, 738, 87(4) (1950);'and
L. Aesmodt, V, Peterson, and R, Pnillips, UCRL-520 (1849) .

13. 0. ko Towler and C. L. Oxley, Phys, Rev, 78, 326 (&) (1950); K. Birge, .. .
U, E. Kruse, and N, F Ramseg, UCKL~1097 ri 51)3 R. B, Holt and J. W,
Meadows, Bull, 4PS 26, 17 (1951); N. M. Hintz, Bull., AP5 26, 17 (1951)
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here the exit collimator hole was 1 inch in dieameter, The beam emerges to tize

gir directly after collimation through 2 0,010 inch thick aluminum window.

Under normel conditions a 340 Mev proton beam of intensity veryi

R B -10
Y to 10 amperes, depending on collimetion conditions, is availeble, IThe

collimator is adjusted until the size of the besm striking the cxit
zcoliizator is nearly the size of the exit hole. Heutrons and low energy probons
proecduced av the pre-magnet collimator are eliminated from the final beam by tho

bending megnet, Neubrons ormed by protonsgbtriking the 48 inch breass column are

greatly atternustsd in intensity, Using a 1 inch hole, the eanguler spread of

S

ng into the &ir i1s sbout 0,004 radian.

2

protons emersd

-

5. Inadequacy of "Stack" Technigue . ,

NMeasurement of the reletive activity cof foils interleaved with abscrb-
] ®
g meterial gives a relative excitation curve, provided thée bombarding ilwux

throughout the stack 1s constent, For 340 Mev protons the range in the sbsorber

is so great that nuclear absorption removes more than half the protons by the

»

end of the range, ' For this reason, separate sbsolute measurements of the (p,pn)
+

cross section were made at_va%ious energies ffom 340 to 93 Méﬁ by bombarding a
polystyrene foil directly in front of the Faraday cup used to measure the proﬁon
carrent, The acceptance angle of the Faradey cup is large enough (~60°) that-
nuclear elzstic scattering aoes not result in loss of prof;ns at the cup after
they have passed through the foil,

Foils plsced beyond the end of the proton range gave sctivities of

shout C.2per cent of the initial activity., This indicates that the backgfound

of neutrons (20 Nev) is negligible despite the gbsorptions of protons in

slowing dowm, The evpected neutron activity can be estimated from independent
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s 1k . , . a3 a4 N . s
neasurements ,of yields* and angular distribution™ of neutrons produced by high
o)
energy protons, and from the known Cl‘(nggn)cll Ccross seotion.ls T4 acrees
. D *

£ '
within a factor of two with the measured sctivity,

C. Description of Apparatus

The experimentzl arrengement used in most ofathe.absolute cross section
deterninations is shown‘in Fig. 1l.; The 340 liev collimated proton beam emerges
from the '"snout" window, travels a short distence in air and then impingéé upén
a copper absorber placed on the beam axis directlyvin front of the Faradsay cup.
The gbsorbers zre 3 inches in‘diameter and the thickhess is varied to reduce the
proton energy to the desired velue, Polystyrene foils of the same diameter are
placed directly behind the absorber. The Faradsy cup is placed as close as
"possible to the foil and absorbers, and all three sre carefully éligned on the
beam exis by expoéing films, |

The Faraday cup is a solid cylinder of bfass, 6 inches in diemeter
and 6 inches/long,‘ (1he range of 340 Mev protons in copper is 4,1 inches,) On
the incident surface a projecting colléf helpsrto prevent the loss of secondéxy
electrons from the cup, A O,dbl inch aluminum foil is mountea'directly in front
of the collar, Various potentials can be gpplied to the foil to study the.effect
of secondary electron emission, The brass cup and electron suppressing foil are
insulsted from the vacuum chamber body by polystyrene standoffs and a guard ring

between the cup and foil prevents legkeage currents to the cup., The electricel

* See reference 6, The neutron detectors were Bi fission chembers having a
50 Mev threshold,

14 R D. Miller, D, C. Sewell, and R. W, Wright, Phys., Rev, §;; 374 (1951)

15, E. M. Weliillen end H, F. York, Phys. Rev., 73, 262 (1948); end
R, L, Mather end H, F, York (private communication). The (n,2n) cross-
section 1s 20+ 4 millibarns for neutrons of meen energy of 90 lev,

.
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conneciions to the cup and foll ere nmade through the chamber wall bv neans of Yeflion
wnsnlatsd cosxisl plugs.

ine przszure within the Faradey cupr is mezintained below lOm4 mm Hg oin
srieer o prevent leakesge of cheorge from cup due to dlonigation of the air, 4t
e 1075 mm the electrons and regative lons are drewn by the positive

of the cup in sufficient numbers te partially neutralise the cherse on

Einofugs kg ds evident from Fig, 2, in vhich the relative charge collect

e Feradey onp (monitorsd by an ion charber) is plotted ageinst the Farsday cup

oto

13

beam, At about 1/2 mm Hz the conduction cf the

jonized alr the cun 1lg so high that the potentisl of the cup

24

gesuite 2 steady beam, A still higher pressures the cup berins to ccllset
S (&3 [

as due to the effects of recombinstion of

¢in be drawm te the cup,
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cherge coilected st abmospheric pressure fluctuatss badly end is about 20 per

’

** had P
GG (G

toe cacvge m2ssured st very low pressures,

mlated by the Faraday cup wes collected on s low -

;i polystyrens condenser,* The voltage across the condenser wss detcradned

noing z "glide-beek” voltmeter, i.e., a voltage of opposite sign to the collecthed
L oapplied to the low impedance side of the cégdenser until it is 5
Bt the gpotentlel drop across the condenser, The adjustment is deternined
Fy wie wpull indieation of & high 1nput impedance ('Cl* o}ms) electronic volt=
watar {uosing VY32 electrometsr tubes) as shomm in Fig. 3. In such an arrénge~ ’
cepzolly to ground of the Faredey cup and connécting ceblas does not
crizrge detorminstion since the finel potential drop across it is

lal

*  rolysbyrene insulated condensers menufactured by the John E, TFast Co..
illiauvis, :

&

)



. before or after each run by wetching the decay of a potential induced
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zero, The invegr ction condensers were calibrated by comparison with stenderd

conGensers® by bricdge methods both zat lOOO cycles/sec and at low frequency

{(reveated d.c, impulses s). The valuss obteined by the two methods agrecd tc with-

in 0,3 per cent and this is teken to be the limit of error due to sihort-term

: . f .
dielectric absorption, Essentially the same cope CLty vglue were obtained by
the d.c. bridge method for steady-state bealance.

it is essential thsat the leskage res1°t ce of the integretion system

negligible or knowm emount of

jas

be either very high or sccureately known so that

crnarge leaks from the condenser during the course of the run., The time constant

of the entire integrating system, incluvding the Faraeday cup, could be Gelermined
T

0]

~ 1
cross the

o

centenser, Two methods of integration were used during the course of the experi-
iwents, At first a grealt degl of care wzs taken tc presérvc thre hisk leckage
resistence cf the 1ntcg“€tlon systenm, so that the RC time constant was very much
greeter than the pgriod of integration (2C to 1C0 hours vs, 20 minutes). In
this method it was nec 5597“ to read the voltege as a function of time to account
for occasioneal fluctuations,in.the beam current. Later these requirements were
made urnecessary by adjusting the RC to exactly equal the mean life of thevCl:L
activity., Using Victoreen vecuum-sesled resistors of epproximately 1012 ohms
the EC gould be matched within 1/2 per cent, end remained constant frqm cne
run to another, In this manner the amount of char%F colleéted across the con-
| 11

denser is at gll time directly proporticngl to the emount of &7 radiocactivity

present in the foil,*¥

*  Generel Radio Company micaz condensers calibrated at 1000 cycles/secc to
+ C,1 per cent, . ,

*%  This method was suggested to us by ¥, K. H, Fanofsky

EX]
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The emission-of secondery electrons from metal surfeces traversed by

" the prcton beam inside a Faraday cup msy produce an error .in the proton current

determinagticn, ALccordirg to e simple élassical picture of secondazy electron
emissionl6 the production.of secondary electrons varies approximately as l/E,
;bere ﬁ is- the energy of the primary particle, Thus the magritude of the effect
mey bé expected to be abbut‘l/loth as great for 340 liev protons es compare& to
32 lev protons, ‘A vertical stray magnetic field from the cyclotron of sbout

25 geuss at the Faraday cup prevents electrons bf less than 1 kilovolt kinetic
energy from escaping, VExperimeutal,determinations of the effect of secondary
emissiou'ﬁere_maée by verying the bias voltage on the suppressor foil, and by
the use of additional megnetic fields. Fig. 4 shows the relative current to

the Faradey cup for bias voltages of +500 to =500 volts.( A slight effect is

Code
(a8

ust discernible ebove experimental error (* 1 per cent ) when only the stray

megnetic field is present., With an auxiliery maghetic field of 100 gauss the

current is independent of bias voltege. At zero bias, no effect was noted in

removing the 100 gauss field. It is therefore concluded that the error in
cherge collection due to secondary electron emission is,’fbr 340 liev protons,
less then 1 per cent for this geometry. _A“larger effectfis noted for 32 liew
protons (see Section III).

The dimensions of & Faradey cup;io contain BAOZMev’protons muét
account not dnly for the range of these penetrating particles, but also for
their leterel motion due to scattering. If the diameter of a cylindricel
cup is too small, cherge will be lost through the sides due té nucleaerr

muitiple Coulomb scattering. The r.m,s, lateral displacement of 340 IMev

[N F—

iy

16, For a classicel trestment of secondsry emission phenomena and reference to

experimentsl work, see E, M, Baroody, Phys. Rev. 78, 780 (1950).
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~range in copper, calculated using Foldy's formuls,
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protons due to multiple Coulomb scattering .in slowing down to the end of their
17 is 0.45 em, Assuming a
Gaussian distribution in displacement, one msy therefore estimate that the redius

of the Faradey cup must be 2,25 cm greater than the radius of the beam in order

to contain 99,9 per cent of the Coulomb scattered protons, Nuclear elastic

scattering of protons in copper should not produce a measursble loss of charge

since the diffraction pettern is relstively narrow (halt-width at first minimwn

. Y On 18 o ) - . .
is 7,87}, In order to test these conclusicns experimentelly, & series of

copper Faraday cups of increasing diemeter were used to stop 2 1 inch diemeter

- 340 Mev proton beam, The relative current retained by each cup as a function

of its diameter is shown in Fig, 5., It cen be seen that the cup diameter should
be ot least two inches greater than the maximum diameter of a full ené%gy beam,
The Fsradsy cup adopted for use in these experiments was 6 inches in diemeter,
A sénsitive test to set an upper 1limit on the totel charge iost by this cup was
made by placing nucleer emulsicns (Ilford C-2) at selected points around the
sides gnd rear of the cup during e bombardment by fgll energy protons, Protons
of eiergies'below 50 Lev leave detectable trécks, even if passing normal to the
100 micron emulsion, and consicderation of the total surface area of the cup
leeds to an upper limit of 0,02 per Ceht of the incident beam lost,

Considering all the sources of error in meking an ebsolute mesasurement

of charge collected by the Faradey cup, it is felt that the Pesults are good to

;&l
17, L. L. Foldy, Phys. Rev. 75, 311 (L) (1949)

18, Anguler distribution of .diffracted protons and variation with energy
based -on optical model of nucleus is given by S, Fermbach, R, Serber,
end T, B, Taylor, Phys. Rev. 75, 1352 (1949).

4.
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+ 2 per cent, In reletion to the difficulties in determining the ebsclute rumber
of bete particles emitted by the radicactive foils (discussed in Jectiow IV, the
cherge weasurement 1is & minor source of error in determination of the sgbsclute

"ces section,

&
%
»
A
}...J

ute Cress Section iessurements

.
. ! . . . . l ~
Direct measurecments of the purmber of pretons required to producc ct

activity in 0,00% inch polystyrene foils were made for proton energies dom tco
93 Lev using the genersl errangement of Fig., 1, Bombardment pericds of 10 to

20 minutes were ussd, The {oliz were counted on the lower shelves of an end-

window Gelger counter and their countiug retes compared with those of a standard

o9

CBets source (see Section IV}, If & polystyrene (08H8)n foil w (mg/cmzj thick is

borberded for a time T by & constant current 1 (up amps) of protons, the cross
. . Cn s \ . . . Al . .
section (in millibarns, per carbon etom for producing C activity is:
It (T) .
o (mb) T 3,44 ~reemmm— - (Method 4}

AT,
{(I-e ") wl
. 8-
where i1'(T) is the nuwsber of G disintegrations/sec. at the end of bombardment,

In actusi prectice the proton current from the cyclotron often veries sbruptly

b es Yuch as & factor of two during the course of a run, The seversl contri-
buticns tc the totel activity time T must then he computed for each intervel

of constrnt current, This is a tedicus task end inaccuracies msy result from

the determiration of the slope of the volteage/time curve, A more desirsble

method is te adjust RC = 1/A.. In this case: ' .
. o (mb) s ¢,00612 WLL) . 1w (Ketrod B)

Q(t)

shoere G{t) is in micro counlombs, read at the same time that N'(t) is determined,.
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The use of abscrbers to reduce the groton bear energy introduces renge
stregeling which limits the usefulness of this method to energies above 100 kev
if one wishes energy definition within * 10 per cent. The r.m.s, strzggling in
range and energy of an initislly monochromatic 340 kiev proton beam in copper is

o 1G ' =
shown in Fig. 0, celculeted from standard formulas. In energy spread of 0,5

! : .

. . 20 . , . . .
per cent in the primary proton beam™ increases the observed energy inhcmogeneity,
The use of lower Z sbsorbers would not reduce the totel straggling significently
since for copper the parts contributed by the primsry becm energy spresd and
absorber are approximately equel. - At 32 liev mean energy the energy spreed due
to both sources is ebout t 20 liev, meking it difficult to esteblish a direct
connection between cyclotron end linear accelerator absolute meesurcments.

Another difficulty inherent in using a degraded energy beam is multiple
Coulomk scattering which produces broedening and esnguler divergence of the proton

beam. Fig. 7 shows calculated curves for r.m.s, lateral displacement (y) and

'plane—projected scattering angle (eo) for 340 liev protons in copper., The laterel

spread of the beam has been measured experimentally by counting annular rings in
a foil, These measuréments agree with tﬁe éalculated laterel distributiqp and
show, for example, that 99 per cent of the activity will be contained within &
circle whose diameter is 2 inches at 100 bev. However, it is also important that
all the prcton flux passing tﬁ}ough the foil should also enter the Farsdey cup

which has en anguler acceptsnce of * 30 degrees from beam axis. Assuwning e

19, M, S. Livingston .and H., A, Bethe, Rev. Wod. Phys. 9, 283 (1%37)

20, C, J..Bekker and E. Segré, Phys., Rev, 81, 492 (1951)
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. . o . . - 52 . v
lengoien onuler distribution ¥(e) 4 = —1 ., - 8% __ sin 8d6, 99 por cert of
~ y <
' 9O e 26(.
wé oo will Le conteired within & conc whose hali-angle is 36,. PFig. 7 shows
ot W ds ipprecicdhly less than 30 degrecs except nesr the end of the raigi.
. 1 o & <
sbeolutes cros. secticon measurerneunts using absorber end foll plece..
5 N ; ) t . . . .
olese to the Ferivdey eup vindeow were mude for proton energies rer 3ty oL

P

[ B AT

. - 2 ;2
cr for sbscrbor thicknesses of O gm/en™ to 82 gr/em™, 4 swi.

ol the resvdts 1o siven in Teble 1. The vrebible errers are cue weirly to
cuountiug shtetistics but de net include the sboolute errors of beta~standear i-

setlon,  sbsclute npessurerents vere not extended below 93 Lev becouse of 1re

spreac, aifficulties in counting end extended beta-uourc:,

cf preton flux fron the Faraday cup.

msclite Creess Jectiecn Leosurenents

Berheley Cyclotion

Lrotbon Cross section toF. of

ihnber tean Value liean
Loevs ol Rung (millibarns) (milliberes)

0 12 41,2 0.6
312 1 47.6 . aa
e 3 5 47,7 1.0
=63 1 50, % ) 2.¢
215 4 v49;8 v 1.2
1.5

F' 1
3.
I~
(oM
\n
1]
.
(&}

144 3 50.5 1.5
3.6

ol
‘_‘
~2
()
L]
(%23
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E. Intermediate Energy Region - 32 lNev to 100 Nev .
-‘The energy spread of the proton beam from the Berkeley cyclotron rapidly

increases at degraded energies so that only the generel outlines of the excitation

¢urve can be observed, Fortunately, Dr. N. M.Hintz has investigated the cle

(pgpn)Cll reaction using magnetically focussed 110 Merprotons in the Harvard

qfclotron; This proton energy is ideelly suited to provide data in the region

32 to 100 hev, and Dr. Hintz has kindly consented to allow us to include his

results, The relative excitation curve, correcfed for nuclear abscrption in

brass absorbers (1,1 barns) and then fitted tc the Berkeley data, ‘is shom in

Fig, 12. For the fit, both curves were plotted using a semi-logarithmic scale

' for the cross section and 2 linear §cale for the energy. Adjustment was made

elong both cross section and energy scalesAto achieve the best match of the

shapes in the steeply rising region from 20 to 30 Me&, then this is done, the

éurve also agrees within the probsble error with the Berkeley cycletron date

at 63 lev,

111, EXPERIRENTS-WlTH 32 WEV PROTONS

4, Reletive Excitation Curve

- reviously reported measurementslo inélude dats on the relative
excitaticn cufvé.}rom threshold (18,5 i 0.3 Mev) to 27 kev using the Eerkeley
32 lWev proton linesr accelerator., Using the same stacked foil technique the
excitation curve has now been extended up tc full beam energy.

.Staéks of 0,010 in, polyétyrene foils were bombarded by the full

energy beam, and the folls were then counted with an end-window Geiger counter,

In order to obtain good counting statistics, only enough foils were counted to
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obtein a sufficient overlep with the previocusly esta ablished curve,” The curve of
the binch yielded the highest activity, fitted to the data from threshcid to
27 Wev is shown in Fig. 8, 'The probeble errors shown‘are due to counting sia—

' . :
tistics,. The two curves overlap for ebout 2-1/2 Mev in a region where a band
pern ta gecurate activity aﬁd~enefgy nbrmqlization. The fittiag of the two curves
does not permit a shift of more thaﬁ + 0.15 Mev, which introduces anluncertainty
of only 2 millibarns. at the full energy. Klthough the incident energy of the beam
may very Gownward as much as 1 Mev, fhe Ees£ fit results from assuming the inci-
dent energy to be the same és for the lower jpart of the curve (32.0 + 0,1 kKev).

A foi 1 p¢mced beyoﬁd the proton range as & neutron moniter showed that
error from thils source could be considered negligible,
Due to the comperatively small thicknesses of sbsorbers used te slow

.

wi 32 Wev protons, no nuclesr aebsorption correction has been applied to the

Iy
z

=~

aetivity curves, Furthermore due lo the small beam diemeter (1/4 incli) relative

to foil dismeter (1 inch), no scattering loss is expected,

-

L. fbsolute Cross Section at 32 Fev

L Amertoraoci iy AR~

. 10
The shsolute cross section measurerenta at 32 Fev previously reported -

have been extended and improved, primarily as regards beta-standsrdization
(fection 1V) and determination of the effects of secondary electrons, Thin
(C.010 inch) polystyrene foils were bombarded at full beam energy, and the
urrent was collected in a Faraday cup., Due to high average bean intensity
(1078 amps.) it is possible to use short bowbardments (6 to 120 sec,) and there-

Tfore render negligible any error due to'inconstancy-of the bean current. The

a

electroncter tubes and integration condeusers arc contained within the cup

Y

vecaunt chanper, The methods of charge determination heve been described in

4 totel of 34 separate runs were made on the ebsclute cross ssction



~16~ UCAL~14C0
at full beam energy., Three different target-Faraday cup arrangements were used
as shown in Fig. 9 in order to assess and eliminate the érror due to secOndaiy
electron emission, In the early runs as illustrated in Fig. 9a a cylinder at
high (8000 v) negative potentizl removed most low energy charged particles from
the beam before ,it entered the Faraday cup. The cup apertufg was only 3/4 inch
dismeter, with the target foil inside. 3ince the solid angle of th;g époruure
to particles emitted from the target area is only 1-1/2 percent {of An), this
geometry might be expected to trap nearly 211 of the secondary electrons. How-
ever, it does not readily provide a means of measuring the'mqga1tudc of the effect.

Intermediate runs as sxown in Fig. 9b were made Hlth the target foil

=3
3

o

©

outside the cup chember aﬁ& s secondary-suppressing cylinder before the cup.
cylindar bigs was kept at 200 to 400 volts negatlve. A series of foils was
bombarded with different voltagés on the cylinder. The .results indicate theat
secondary electron emlssion from the ruradaf cup decreases by approxima tely 5
. per cent as the bias is decreased from O to 400 volts, This figure agrees with
the seconaary emission check made by Cork 2L for 32 kev protons. |

The fingl runs as shown in Fig, 9c were ma@g,witt a permanent magnet
whiich produced a field of 400 gauss inside the Faraday‘cup° & veriation of
suppressor voliage from 0 to 400 volts produced no observable change in the
cross section,

The aversge vzlues of the measured cross sectlon using the three
methods of integrotion ere shown in Teble 11, The agreement between methods,
combined with the voltege ellecto noted above, indicates that most of the
secondary electrons are of low energy and that the sugpregsion neasures
employed were adequate. The estimated systematic error in cross section due

to secondary electron elfects is 3 per cent.

.21, B, Cork, thys, Rev. £0, 321 (1950)
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&

The finally adopted value at 32 kev is
9732 Kev = 89 * 4 millibarns. o
The waicertainty inciludes errors due to integrationﬁz;nd cocunting

stetistics but dces not include the probeble error in beta-stencderd ezli-

et aon,

| TABLE 11
Hurber Lean Value F, E.*

Methed of fung (millibarns) . (milliborns)

4 : ’ 2_j _‘ ' £8.1 - ' ; l‘; 5

5 L 84.0 446

c 7 52.6 1.6
Sonbined - | 88.5 © 1.0

f
.

# Frobenic error of mean from sprezd in mecsured vealues,
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IV. ABSOLUTE BETA ACTIVITY DETERKINATION

The absolute values of the cross section are dependent on a knowledge
of the number of cil nuclei produced in the target foil, and therefore, the

v

disintegration fate at a later time, .This rate is found by comparing the counting
rate of the target foils with the counting rate of variocus p emitters of known
disintegration rate under identical geometricel conditions.

Ideally, foils used for_gps9¥g§¢Abeta aqtivity determination should
be very thin to minimize self-absorption and scattering in the source, The
necessity for sufiicient activit& in short bomberdments sets a lower limit on
foil thickngss, however, and 0,005 inch (~13 mg/cm2) and. 0,010 inch polystyrene
foils weré used in the cyclotron and linear'acéeleratof ruhs° The foils were
counted on the lower sﬁelves on en end-window Geiger-lueller counter of 2
mg/cm2 window thickness. The geometry is shown in Fig. 10,

Significant corrections for absorption and scattering of low energy
beta particles in the source, air and:couhter window must be made if the
geonet v or beta spectrum of the target foilv%pd standard are different, These
corrections are difficult to assess and invoive dubious extrapolations to zero
thickness, Here such corrections have been avolded by cthoosing beta-standards

cll

of neerly the same energy as and counting them in geometries as nearly

11 . ’

- s ' b L K3 3 ’ - 5 .
ike that of the G~ foll.as possible, Half-thicknesses of polystyrene foils
were placed egbove and below the active deposit in counting stendards, znd
the same fcil holders were used, Since the standards were effective point

sources, a small geometrical correction for the finite extent of the active

region of the cyclotron-bombarded foils had to be made, This correction was

L2

'd

baosed on a series of measurements, as shomm in Fig, 10, of counting rate as
a function of lateral position off +the counter exis, made by krs. Beverly

Lec in this Laboratory. The counting rate of a uniform distribution of
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e nsed: o AT 770,92 Nevy, Rad (1.17 iev), and i 2 (1.4 Lev),” Lotl .u™”

them suitaklis

“ have well-esteblished simple decsy schemes
ﬂ'“lmud“mlm’Jmlmtruwmgcmnmdmwenmﬂmd "The Rel was colibrated
by counting the alphes ivom the daughter ReF in a stondard geometry eloha counter.
The olpha count wes made several times over a peiiod of four healf-lives to insura
that the el wos in equilibrium with the ReBl, Each of these standerds was then

- C AL s I o
used to colibrete the beta-counter for ¢ betas under specific conditions of

comshry and foil tiilckness,

b'}

4

If the stondard is calibrtted et Ny disintegretions per minute, and
e emde P o o ) . N - . 1r - e ll . R
counts at the rate of N ¢/m, as cowpared with R, ¢/m for the C foil, then

v ; . L . ‘ } 11
Ii_ = 1i , the disintegrstion rate of the C foil, It is con~

verient to interpose a long lived secondery standard and assigning it a number

'‘sovdveient" d/ik, If it counts at a rate hj c/m we‘éay this number I

) ' . L e ] o
#i_. Then if &t & leter time tne C is counted in t“c s ame geonctry,

eq.

sinabory to say Nc = (; /JBJN . since thla equals (p /;3) (NB/Ml)

&
‘.

X3 A PE R

. e
S8 DEIore,

22, G, T. 3eaborg end I, PFerlman, Rev. kod. Fhys. 20, 585 (1943)

23. Ge Lo Tezcock and K, G, Hilkinson, Phjg; Rev. 74, 297 (1948)
C. S. Cook, E, Jurhey and L. k., Langer, Physi-Rev., 70, 985 (1940)

24, W, Siri, Isotopiec Tracers and Nuclear Radiations (FcGrew-7iill, 1949)

2 + : 2 ’
{n, 13, the NaR4 samp.le was kindly made available by Dr, C, 4, Tobias,
&3 725 vhe cuincidence-counting equipment.



“20~ UCRL-140

Obviously this number Neq must be redetermined vhen the target thick-

ness or the geometry is changed.,

Values of H,, for the various standards with geometry shown appear in

q.

3

1

[N

C.‘.

s

Fig. 11, where the probeble errors, including the standerdization statist

W

probsble error, are show., It is assumed that the proper value of Keq, for

=
]

known ¢t activity would lie somevhere in the shaded area (* 7.5 per cent probuble

error).

V., DISCUSSIOH OF RESULTS

The combined date from the Berkeley linear accelerator, Harvaerd cyclo-
tron, and Berkeley cyclotron is plotted in the final curve of ¥Fig., 12, The
probable errcrs shown are those of zbsolute measurements but only relative to
one another, i,e.; they .do not include the probable error of 7-1/2 per cent in
bete-stendard calibration,

n independent gbsolute mezsurement at 62 liev bj iscliillan and h@ller,g
in which the present uranium "intermediate" beta~standard was used as the
primery standard, mgy be corrected in view of a more accurate celibration of
the equivalent ctt beta-activity of the uranium. The corrected value is 82 *

11 miilibarls end is'plotted'for comparison in Fig. 12.
The- earlier experiments of Chupp and Mcmillan,8 using stacks of

graphite plates bombarded internally in the cyclotron with protons stripyed

from deuterons, indicated that the excitetion curve was flat from 140 to &0 kev,

No correction for nuclear sbsorption was made in these earlier experiments,

However, a correction based on a nuclear asbsorption crcss section of 0,25 barns

in carbon does not entirely account for the discrepancy apperently, The

remeaining discrepancy results from some other source of error, probably a
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contamination of the proton beam inside the cyclotron tank from lower energy.
particles.

The shape of the excitation curve hes several features of interest.
, N _ ae 100 ' .
As shown earlier by Penofsky eand Fhillips]  +the low threshold energy provides
definite evidence for the existence of a (p,d) reaction in this region, Evidence
for the persistence of the (p,d) reaction with good probsbility for protons of
‘.32 Mev occurs in the independent experiments of Levinthal, et,al.25 In this
energy range the (p,pn) and (p,d) reactions represent inelastic processes best
described by the theory of the compound nucleus, The low energy excitation curve,
Fig. 8, exhibits irregularities which are experimentally significent but diffi-
cult to analyze in terms of the capture process, The peak of the curve occurs

I~ LR 2 ' 1 3 I b I S ll

at 45 Fev, in agreement with the calculations of Heckrotte and Wolff = but the
width of the peek is considersbly greater than their evsporation theory estimates.

At higher energies noncapture processes nay be expected to become more
. L. 26 solp el ) )
important, Heckrotte and %olf have considered the effects of (a) non-
cepture excitation or a (p,n) exchange, followed by evaporation of a single
neutron or proton, and (b) direct "knockout" of a neutron, The resulting curve
is nearly flet up to 140 liev, the limit of the calculations, The experimenteal -
curve dees not show this pleteau but decreases with energy epproximately as
i-1/2 P . . . . -
‘ above 60 Kev, This energy dependence is vetry similar to that of the

cll

neutron total cross section in carbon, and the cross section is about one-

sixth &3 1arge.2’27

25, C. Levinthel, E. Martinelli, and A, Silvermen, Phys. Rev. 78, 199 (1950)
20, - R, Berber, Phys. Rev. 72, 1008 (1947)

27. J. DeJurén, Phys. Rev, 81, 919 (1951)
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e s : N - ; s 11 i
It is of interest to note that the (p,d) contributicn to T procducticn

mey be significent even &t high enecrgies., The experiments of Hadley and York™®

show that half as meny deuterons es protons are lLnocked outr of carbon by ¢C lev

. ¢ ?9
neutrons, If the deuterons are formed in a "pickup' process,™ one would also
s

expect them from proton bombeardment, The total cross section for deuteron {or-

metion in carbon by 90 kev neutrons was estimated at 2¢ millibarns.

The dip in the l?(p,pn)cl; cross section at 340 kev represents a

*

significant cheange from the gradual decrease in cross section at high energies,

s 11 L .
in estimate of the C  background procuced by secondary neutrons formed ir the

* copper zhbsorbers amounts to only 1/4 millibern increasse. The ol gctivity in

the foils showed no signs of contaminetion by radicactive recoil ions from the
copper, The only knrown high energy resction heving a threshold in this region

&

is mecon procuction with a totel cross secticn of @bout & milliberns, but it

. . . . . 1 i as . 11
s not immediately obvious how this could directly compete with C7 formaticn,

[N

]
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