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RBSTRACT

An investigation was made of the electromagnetic disinte-
gration of carbon, nitrogen, and oxygen leading to production of
the unstable nuclel 587 and Bll. Targets of graphite, melamine,
and water were bombarded with 75-MeV electrons from the Naval Post-
graduate School limear accelerator. The disintegration fragments
of interest were counted by detecting their decay activity, 887
by the 477-Kev gamma ray from its daughter nucleus and Cll by the
511-Kev photons from the annihilation of its emitted positron.
Electron and photon effects were separated by interposing an addi-
tional radiator For'nne bombardment of a given type of target,

then repeating with a similar target without the radiator.

11 were found in all bom-

Radioactive fragments of Be7 and C
bardments; N13 was also found in bombardments of melamine and
water. Electrodisintegration cross sectons for processes yielding
Cll were found to range from 17.5}4b for carbon down to D.3)4b for
oxygen. The corresponding values for processes yiseldirg 897 ranged
from 1.3)4b to U.lh};b. Integrated phatodisintegration cross sec-

tions were found to be approximately 50 times greater than these.
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I. INTRODUCTION
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The investigation of nuclear structure is generally accom-
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. plished by parmitting energetic radiation from some external

source to interact with, and perhaps to disintegrate, the nucleus

>
Bl o Joa e Tl T e L

in question. Analysis of the distribution of the resulting frag-

ments can lead to information concerning both the original

DV B

structure of the target nucleus and the specific interaction

mechanisms involved. If the projectile particle is of a nuclear

X L,

sort, separation of the two types of information will be very
difficult due to our incomplete understanding nf specifically

i nuclear interactions. If, however, the primary radiation is of

T

electromagnetic nature, as in the experiment to be reported here,

we béliéva the interaction process to be fairly well understood.
Direct information can then be obtained about the structure of the
odginal nucleus alone, providing only that the energy and angle
diatributiona of all disintegratinn fragments can be determined.

Meaauramsnts of the distributions of individual light
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tharged partiéles (proton, deuterons, alpha particles) or of
neutrong resulting from photodisintegration or electrodisintegra-

tion pruceaaeé heve been accomplished by many experimental groups

) TP

E,ZJ over the last thirty years. On the other hand, experimental

; information on the distributions of all of the emitted fragments

i
,

[
E
I
|
i

from a given.diaintegration is relatively sparse, being restricted

S Sviy
&

mainly to experimsnte in which the disintegratlons ocecurred in

— LT
=

nuclear emulsions [3]. The difficulty of measuring all the frag-

S

ments in an experiment using counters is somewhat greater, both

becsuse colncidence techniques are required, and because the heavy
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fragments cannot escape from any but the thinnest of targets. As
a first step in obtaining information concerning the procescea
which result in heavy disintegration fragments, several experi-

mental groups [u,i] have measured the end-product radiocactivity

following bombardment of selected nuclei. The total cross section

for production of unstable nuclei as disintegration fragments is
relatively easily obtained. It corstitutes ome of the bits aof
information from which complete knowledge of the angle and energy
distributicns of all the emitted products may scme day be pizced.
In an effort to obtain information about electromagnetic
interactions with light nuclei, we conducted an experiment at the
Naval Postgraduate School to meesure the total cross sections for
the photedisintegration and electrodisintegration of carﬁon, nitro-
gen, and oxygen in processes leading to the radicactive fragments
Bll and 887. Aside from the theoretical interest that attaches to
interactions with light nuclei, these elements were selected for
study on the basls of certain practical considerations. Each
oceurs in shielding materials used in the target ereas of accel-
erators and thus constitutes a radioactive source when activated
by a high-intenaity electron beam. The resulting radiation can be
hazardous if the target area must be entered before the radiation
has had an opportunity to decay to a safe level. It was our
intention to measure the relevant production cross sections in
order to determine how rapidly such hazardous long-lived sctivity

is built up.

Interactions which lead to the fragments Be7 or Cll may OCccur

in a great variety of forms. As examples of possible photodisinte-

gration processes occurring in the experiment, we might list

10
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oY qmctt, ctéa,mctt, o'fer, qmee’?, ner,Li7)ee’, or
Clz(ﬁyﬁn)ﬂe7, If one replaced the photon by an electron (which
scatters in the interaction), these expressions would also display
valid sxamples of electrodizintegration processes. In any event,
the disintegration croas sections can be measured if one detects
the radiations emitted in the decay of the heavy fragment. For
example, the product nuclei Ell and N13 decay by positron emiabion,
8s shown by the equations

Ell—ball . ﬁ++y
and | TRESE, L SV
fFollowing its emissicn the positron annihilates with an electron;
this leads to the appeesrsnce of two 511-Kev photons which may be
detected. Similarly, the heavy fragment Ee7 decays by electron
capture to the final nucleus Li7 according to one of the equations.

T i’ + 1 (89.68%)

- 7 .7 -
e +08e —» Li' + ¥ (10.32%)

L},Li'? + T (677.3 Hev).

g + Be

One notes that in 10.32 percent of the decays the Li’7 daughter
nucleus is left in an excited state. The 477.3-Kev gamma ray
which resclts in the subsequent de-excitation of Li7* provides one
with a means of detarmining the number of Be7 ruclei that were pro-

duced in the primary disintegration.

11
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II. EXPERIMENTAL DETAILS

A. The Rccelerator System

The source of the high-energy electrons for this sxperiment
was the 120-MeV linear acceleratnr at the Naval Postgraduate
School. This machine. proviaced primary electrons with an enargy
of 75 MeV and an intensity of 5xlUlZ electrons per second in a
beam with diameter of about 3/8-inch at the rollirator. After the
cnllimator the electrons entered the first deflection magnet and
were deflected through 30 degrees from the accelerator axis. In
tiis way the neutrors Bnd bremsstrahlumg photons produced in the
accelerating structure could be removed from the electiron beam.
The deflecting magnet and the energy slits following it determine
the primary electron snergy. The energy slit width defines the
uncertainty in the electron energy; in our experiment this uncer-
tainty was ¥ 1 percent. Following the slits, the heam finally
passed through the focusing magnet which bent it ancther 30 degrees

into the experimerntal aree, in which the bombardments occurrsd.

B. Monitoring of the Primary Beam

A secandary-electron-emnission monitur was instclled at tha
end of the beam tube, after the focusing magnet, but ashead of ths
target assembly. The current produced in *his 5-fpil wmoniior was
permitted to charge =2 capacitor of known capaclitance. Measurement
of the capacitor voltage by means of an integrator circuit then
enabled us to determine the totel electron churge that had passed
throudh the monitor and into the target. The moanitor has an

efficiency of 0.05 and an accuracy of 10 percent. Fluctustions

12
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in beam intanaity were net recorded. We did, however, note the
periods in which the beam failsd entirely. ODuring the actual
"on" pericds the average beam current was assumed to be constant.
This assumption lsads to some error in results for the short-
lived E}l product nuclei.

During bombardment the electrch beam was visually observed
by use of remote television. A Zn5 screen was placed in front of
each target. The beam spot produced on this scresn was observed
by the operator aes a means of stsering the beam and focusing it

on the ecenter of the target.

C. Target Configuraticn

Nuclesil of the <lements carbon, nitrogen; and oxygen were of
intereat se targsets in this exparimeﬁ%x\ The carbon targsts were
ma@e af apactral grade graphite* af 99.3%\purity, 1.586 g/c:m3
density, machinad into discs of 0.973-inchhdiameter and 0.200-inch

thickness. During irradiation the eleciron h%a@\was incident on
Ny

geach disc slong its exis of symmetry. ‘\\\\
The nitregen nuclei were bombarded in a target uFImelamina,

N NG' e organic compound with molecular weight lzs.ﬁ\srahs per

35
male. The target material was in the physical form uof a ﬁ%na
crystalline powder oV density 1.107 g/c:m3 and 97 percent pd?ity.**
N
The melamine was tightly pecked into an aluminum alloy (type ?061)
4
container which helid the powder in an 0.866-inch diamster by \\
* Manufactured by Union Cerbide Corp., Carbon Products Div.,
New York, N.Y.

*#  Manufactured by Esstman Organic Chenicals, Rochaster, N.Y.

13
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E 0.200-inch thick configuration. The samples were irradiated with
f the discs coaxial with the beam centerline (Fig. 1). Each target
| wegs cooled to prevent melting or sublimation of the material.
Oxygen nuclei were bombarded in a target of distilled water
enclosed in an aluminum alloy (type 6061) holder which contained

E the water in a configuration 0.75 inches wide, 0.75 inches high,

and 0.26 inches thick in the direction of the slectron besm (Fig.

4

; 2). The water was not degassed prior to irradiation. It wes

f coocled 'during irradiation to prevent vaporizstion.

; In order o cool the melamine and water, these target holders : {
E were mounted on an aluminum support which was part of the moveabls !

target frame. The base of the support was inserted in an insul- - !
i ated flask filled with liquid nitrogen. Thus the heat generated j |
in the target by the electron bombardment was conducted ‘downwards

and dissipated in the ligquid nitrogen. There was no apparent loss

3 of melamine or water during irradiation.

D. Bremgstrahlung Production

Accompanying the electron beam in the terget area of a linear

accelerator are some unavoidable bremsstrahlung photons. These

N

‘ are produced in ‘all materiel through which the high-énargy'elec-
trons pags, including the target itself. In our experimént the

following items wers present as erMsstrahlung producers in all i .

I AT AT TRC AN e
PO -

irradiations: thz window of the electran bsam tube and the foils

of the secondary-emission monitor, 0.152 mm of aluminum; an

aluminum foil target for’a simultaneous experiment, G.118 ;
0 "

the air between the end eof the vacuum pipe and the target,. 63.5 cm; { ;

a ZnS layer, 0.061 mm, deposited on an aluminum foil, 0.058 mm. ;

U7
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The water and melamine targets contributed additional materisl in

a g e o

front of the actual target materisl. The upstream walls of the

holders were 0.367 and 0.438 mm, respectively, of type 6061
aluminuh alloy. This is composed of I.0 percant magnesium, -

D.6 perdént gilicon, and 0.25 percent each-of copper and chromium,

wla B e

o S S S T

alloyed with aluminum. The radiation thicknesseé of the holders
are reported in the third column of Table I. The radiation thick- |
ness of ‘half the target itself is téhulated in the fourth column.

For all samples irradiated with the copper radiator "in" a sheet

e e - T TP

of oxygen-free, high-conductivity copper, 0.752 mm thick, was
mounted directly in front of the appropriste target. This inter- ' ; i

posed an additional 0.0550 radiation lengths of material. T

TR PRSI S
ca

TRBLE I Yo

All thicknesses are in units of radiation lergths

; Total
Extra Target Target lrradiatjon Charge
Sample  Radiator Wall Body Total ~_Time (sec) ( mcoul)

!
{
]
K|
i b
: Radiating Material Thickness _ :
‘ %
]
;
|
g
3

i
Carbon I, in - .00939  .07189 4,680 248 %
Carbon 2. out - .00939 L0169 7,620 314 : |
! Carbon 3 out - .00939  .D1693 9,540 433 ; |
; Mel. 1 -  in  .00495 .00687 .07432 6,900 401 ) |

Mel. 2 out .00495 .00713 .01958 10,500 413

e AR s i

Water 1 in  .00L15 .00922 .07587 12,840 521 S

1
]

| Water 2, out .00L15 .00922 .02087 11,790 561

Table I also lists total irradiation time and accumulated

charge for each sample. The carbon-2 and water-2 samples had

16
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"heam off" intervals during their irraediestion. These interrup-:.
tions were, of course, teken into account in the celculation of
the cross sections for the nuclei inveolved in these samples. The

method F&r doing this will be discussed in Chapter III.

E. Detection System

After bombardment, each sample.was removed from its holder
and pleced in 8 polyethylens bottle with an inside diameter of
0.980 inches and @ 0.047-inch wall thickness. Each bottle was
than sealad with epoxy resin to preveﬁt spillage or evaporation
of the sample, or contamination of the counter house. In the
water bombasrdments, however, an additionsl step was taken.

Crystals of BeNﬁ3 were added to the water sample, prior to its

ramovel from the target holder. This causes an exchange between

the Beg ions and the radioactive Be7 adsorbed to the container

walls and allows 8 more complete transfer of Ba7 into the bottls.
The counter-house was constructad of standard 2xLx8-inch

lead bricks mhicH were statked to form a base, walls, and top each

of 6-inch fhickneaa. Tha inside Qell yas ZDXZD.inches by 24 inches

high. An 8x8-inch access port in the top was covered huring

counting by a 6-inch lead cap. The scintillatiwn crystal-photo-

multiplier tube was mounted in a holder centered on the base of

the counter-house well with the crystal face pointing upward at

a height of 11.5 inches sbove the bottom of the well (Fig. 3).

The holder which fixed the pogltion of the sample bottle during

counting was fabrigated of l/étinch ;ucite sheet supported by

three lucite rods. This assembly was placed over the counter in

17
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cnnaﬁant activity of a Cs

“of Ce0l on a copper disc, was mounted in a holder that enablediit
H i

such a way that the base of the sample bottle came nsarly in con-
tact with the tube face, providing the maximum counting efficiency.
The eiectrical equipment associated with the experiment is
shown in a block diagram in Fig. 4. The rounter used was a
Harshaw Typse lZSlZl"Infegral Lima'.l Aséemle.uh{cﬁ employs a
cylindrical NaI(Wl?icrystal 3 inches in diameter and 3 inches

long coupled to an RCA type 8054 photomultihlier tube. The

‘remainder of the electronic apparatus and the photomultiplier

tube base circuit are dissussed in Appendix 1.

Preliminary experiments, not here reportec, established a
requirement for close scrutiny of the pgain and voltage stability

of the mystem. %Arreliable method of mininizing the effects of

_truubisébme gain shifts wes finally achieved using the essentially

137 ..
source. The source, a small amount

D)

in

tn be placed in the sams identicul spot over the counter for each

i H 3

calibiraticn.

The amplifier gain-setting procedure was then deterwined as

vfmllums.. The tube high-voltagce being set at 1100 volts, the

amplifier gain was adjustad so that the 662-Kev photopeak maxi-

mum of the cesium spectrum fell in channel 339 of the 512-channel
pulse-height analyzer. UWith the internal gein of the analyzer
already properly adjusted at this point, thg 32-Kev barium x-1ay
line then fell in.channel 16, as shown in Fig. 5. Pulses from

a mercury-agitch pﬁlésr.were'tﬁén‘applisd at the amplifier input
terminals. The pulse amplitude was adjusted so that the amplifier

output pulses would fall invo channel 320, at about half-maximum

L3
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on the low-voltege edge of the cesium photopeak. The integral
discriminator of the single ¢ annel analyzer was then set to just
cut off the pulses that would fall into channel 320. UWith this
digscriminator setting, 7.48 volts, and with the analyzer in the
multi-channel scaling mode, the cesium activity wes measursed to
be very nearlyllﬂ,DDD counts in 16 2/3 seconds when the gain waai
at the desired level. Small variations of the amplifier gein or
counter high-voltage, on the other nand, would cause lerge chanpgae
in counting rate from the cesium calibretion source.

The technique for subseguent gain settings was very simple.
The cesium calibration source was put intc position, the discri-
minator was set at 7.48 volts, and the high-voltage was sst st
1100 volts. The amplifier gainguas then adjuated.until 13,00
counts éppearad-in 16 2/3 seconds. In this way the gain of the
system wés fixed relative to the discriminator setting. The
gensitivity of the technique cen be seen from the slope of the
gain curve shown in Fip. 6.

Simce the 387 oT Bll radiatinns occur with lowsr energies

than those from 88137

s 1t was necessary to choose & lower discrié
minator setting when detecting these rediations. For this we
used a discriminator setting of 4.50 volts, surficient to cut off
pulses in all channels below channgl 152. This is to bs compared
with the posltion of the 477-Kev Be7 peak the maximum of which
occurs in channel 241.

The. overall dead time of the system was measured by using

137 !

two Cs sources nf'naarly equal intenseity anrd following the

technique known as the two-source method. The dead tims was

22
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% found to be 2.38 microseconds for the multichannsl-scaling made

1 'g ‘ ' of the pulse hsight analyzer and f&f a minimum discriminator set-

okl 2 s e

1 '

ting niving a cutoff at about zero Kev.

s R i |

o o RANIINIL AR IR LNl gD
rar

AT N el e OV WU s line Wb
SEORY TRL Y S

o P LS Srmen.

R ey T B

N N AL DR, L 4 e

e s

el

23 i

BN ko P

Ty e e e b s i i L i ot o S 1 e VB




L

V1o e s habamr s . e e et —_ e e e prorE—" e s e e e AR SO BRI k) e e o e ~ ;

i o IIT. DATA REDUCTION o i

A. Yield of Radlioactive Nucleil . Cm |
f ’ ‘ :
! In the course of the bombardment of & given target, radio-

active fragments were produced either by real photons or by the

electrune themselves interscting with the origimnal nuclei. To

t

!

I . L

| Bnable us to detvermine the croes section for esch of theee ' \

pracesses eepsrately, we irradiated o sanples of each type, one _ ' 1

with a copper radistov in asdvance of the tsrget, the other without g E

the radiator. ﬁy performing a gubtraction of one result from the
o\

other, we were tﬁus sble to separate the photon and electron |

gffects. ’

Corsider the number of radiosctlve nueclel produced in s tar- -
3 get by the bremsstrahlung from an slectron which haes passed

through one raedistlon length of materisl. Suppose that the ‘ o

S
i o RS e N

resulting photons ther t'all on a target of one atom per unit ares, o |
producing a certain number of radioactiva fragmente (one per inter-

action). This number, the so-celled phitoyield, is given by the

. .
Y
. —— ALY

expressiun f
£ .
: Al = f S (k) P(E,, 2, k) dk . (1) 2 ;
* Ey,

—

Here ©_.(k) und E, are respectively the crese section end three-

hold anergy for the photodisintsgretion procees, and @(ED,Z,k)dk i g

ia the bremsstrahlung numbher spectrum. This givas the numbsr of

)
|
E l photons of energy betwsen k and k+dk produced in one radietion '
t length of material. Ths bremsstrshlung spectrum will be discussed

in detaill in section C of this chapter.
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The yield of radicartive nuclei produced in & target of ons
atom per unit area by the electromagnetic field of the electron
itself is seen to be numerically squal to the electrodisintegration

cross sect%unu This pives the equality

Y.(&)= oz () (2)

in which EU is the electron energy. One notes that the}night side
is implicitly multiplied by N=1 atom per unit asrea in order that

.
the equaﬁion may heave dimensional consistency.

8. Derivation of Cross Section Eguations
The rete of change of the number of radioactive nuclei in a

terget during irradiation is seen to be

Eo
5;1:/\/77[@;(&;) +X| S E)P(E2A) [T -an ,
Ey,

iﬁAmhich the sguare bracket term is the rate of prnduntiun and
Phe last term, -An, is the rate of decay of the produced fragments.
In the above equation A is the decay constant of the radioactive
nuclei, n is the number of radioactive nuclei present at any one
time, I(%) is the intensity in electrons per secaond of the
electron beém ag a function of time, N is thé number cf atoms per
cubic centimeter af thg targqt; and T is the target thickness in
ceétimatéra.h}Reriting eqﬁa@ianvéﬁ)ﬁﬁy uéing the definitions of

equations (1) and (2) one obtains the equation

)

-i% +An = NT[}?Z(E;) +Xﬁ<@)]z&) i ()
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The term XYW.(ED) an the right side of equation (4) should actually

be repreaqntad by thz sum

XYT(EO)-‘-ZX,; Yor: (£,) ,-....(5)

to allow for slightly differing shapes of ithe bremastrahlung spectra

‘Q(ED,Zbk) arising from the different radiating meterials in the

beam. However, the two extreme examples of radiator materisls
used in the experiment, hydrogen and conper, have photon spectra
differing by tenm percent at most. We can thus take the photoyield
integral for copper to be appropriate for the yislds due tu‘photnns
from other radiators as well. The total eyror in dning"this will
be considerably lees than ten percent when the crusa‘sectiaﬁ“is’A
properly folded in.» The rlght side of aquatlon (5) then reduces
to a sum aver radiatian thlckneaaas multiplylng the phntnyieldkdue
to photons from copper. In what follows wa shall take X tn0 be a
sum aver radiation thickneseas of &ll the material in the beam;

%T ghall be the photoyield eppropriste to cﬁpﬁéé@

At

‘Multiplying equation (L4) hy'tha integrating fector e”" end

integrating over time, we obtain the number of radioective ‘nuclei

presant at the time ¢ at which fha irradiatian‘caéeed,

z(»z't) i’w‘,  <5>

nu:) NT[Y(E’)-#- )(}fr(t')] I()

¢ P a [
i e ' .

If the nucleus decays by .one mode only, the activity at time 27
3 ‘ " Ay ) - :
will be N N Yy = ~ : Y I S l

Al 2,= An(z) 7
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We naxt define the total yield per electron for a beam passing
through material of total thickness X rediation lengths followed

by a target composed of one atom per unit area by the egquation 1

Ao
T (T) HED gy

= R, (9) 1

Y(g) + XY (5) =

The total yield is naﬁ‘in terms dnly of guantities whiech rcan be
magsured directly in the laboratory. Suppose we let the radiation
thickness of the cnpper.radiatnr be Xr and thet of all the other
haterial be Xj. The total yield for the irradiation made with the

additional rediator in plece is then

Ye(é:)-!-(/ﬁ‘ + v)\f;,(ﬁ,ﬁ gE. (10)

Without the radiator the total yield is

\é(ﬁ;) + X }g,./é;)'-'-',? : (11)

The symbols R, and R?.represent the right side of equation (9)

with the appropriate experimental quantities substituted. Sub-

tracting equation (11) from equatinn (10) one obtains

'Xv‘%(ﬁ)“ﬁ‘fg. S A

&
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Ideally, one would now return to equation (1) and solve far
. [ i S Wt i iy - Ll ! P T s 1 B . i
€. (k). This is, however, not entirely feasible-.at -this péinta%i -

To solve for €2:(k) requires the unfolding of the bremsstrahlung i
spectrum to determine ‘exactly which photon produced what inter- S |

actich. 'THis is a time-consuming procedure at best and was not

attempted in view of the limited time available to dus. Ihstead, o

we computed an average cross section, GE(ED)’ which is defined from I

ff ~(@)g£ /s,,z Y e

<h (13)

Jﬂ A§'§§¢’é;,2 JL) cféé LG, P é e,

é?
0‘5(6;)-

In equatiun (13) the dennmlnatur repreaente the éverage bremsetrah%
Jung energy produced when an elzctron passes thrnugh”qu :adigtiﬁn |
length of materisl. When the denominator is divided>byiEUwit | é i: 1
proyides an "equivg;ent'jumbar" ofiphgtqns pf.gqqrgw EU produced . -

] per radiation length. Using equatiun‘(l) and (12), one obtains

finally

dé(Eg)-.: ;, _,E"-'(ff' — R.) — (14)

Miﬁé (£,2,4) d&

TSy

LT

Bare i

Equation (14) astates the photodisintegration cross section per

b equivalent photon in tefme of measured guantities.

-~
-

The electrodiaintegration craea eectiun, Gf(E ), can also be

calculated from the axparimental yields R and R2 By ueing
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equations (11) and (12) one obtains the expression

%)z Ye (a)= - & (B-R). a9

The right side of this sguation is stated in terms only of

measurable quantities.

C. Bremsstrahlung Spectrum

In aur investigation of the photodisintegratien process, we
produced a'khdwn amuynﬁ of' bremsstrahlung by plecing radiators of
given thickness in fhe'e{ectrun beam. Although a little of the
radiating material was as much as sixity centimeters from the target,
the grsater ﬁbrtinn mas in claose proximity to it. It thus seams
to us that eesentislly all of the bremsstrahlung produced passed
through tha‘target. That this is a reasonable éssumptiun may be
ssen from the discussion by Heitler [6]. This shows that the
mgan angle of emission of bremsstrahklung is of the order Eggi
radians with respect to the beam direction. In our case this is
an angle of 0.39 d;grees. flearly, most of the radiation is very
naarly in the forward direction.

In ealculating the photon spectrum we used the differential
bramestrahlung cross section 95%559 Ubfained from the paper of
Koeh and Motz [f}, but modified fu include the =cattering effect
af the étumic electrons. UWe used two different forms of these
equétidﬁa, apbfﬁpriatﬁ for t@n sgparate regiong of values of the

screening parameter T defined by the expression
| _ 0o moetfe
= EE, 2B . e (16)
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The relationship between the Koch and Motz differential cross
sections and our bremsstrahlung number apectrum @('E.D,.Z,k) may now

\be written iﬁ the caombined form

4 [REDL 45t GEszt). o

dle 137

Here the function @(ED,Z,k) has the form, for 0< 72,

( )[%ﬁi,@z]

'@@ﬂﬁL'AQU%?W

{18)

) _Z__é[¢z4(?) — j; Z]

E,

or, for 2 <7°<15,

el pie -4 el a

In'tha above squations i is a parametar by means uf which brems-—
strahlung produced off the atomic electrans is included. Ths other
quantities are the claseical electron radius, 'r0=92/m0c2, and the
Final'énergy of the ecaettered electron, E=Eu-k. Values of the
functions l?l ("Y‘), IZIZ(T), and c(’b:‘) were taken from grephs in
ref’erencs [7] .

ule note that the radiatlon length of =8 matarial of atumic

number Z, atamic weight A, is

s 3 ~I37~F? o
° " AME (@4 b (le3 27h) |
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; Tha cross section for bremsstrahlung production is then found from

‘aquation (1Z) to be

Z‘ﬂ‘
}j . d? <+ é—(ﬁ 2,k . (21)

i . When an electron of energy ED passes through a radiator of

thickness T, composed of N atoms per unit volume, the number of i
| , |
f .. photons produced with energy between k and k+dk will be i
: ‘ y |
‘ : dSiad ¢ §5</ x%
I b - _
| . NT‘;‘E“CML X (&, 2k)db . (22)
: pu pT .
Here we have put N=Y o/A and X= /XD, the latter being the
radiator thickress in units of radiation lengths. In all the
calcuitetions we used values of the radiation lengths XD given by §

Bethe and Ashkin ﬂﬂ.. The values of Xu used for the principal
rediators were as fnllnms:. 58 for H, 42.5 for C, 23.9 for Al,
12.8 for Cu, 36.5 for air, 8ll numbers in units of g/cmz.

Figure 7 shows the intensity spsctrum, k@(EU,Z,kL for brems-

s+ 8trahlung from copper and carbon.

o~

PRUTR

D. Equivalent Radiator Thickness

Another quantity of iriterest in an experiment using electrons

g8 projectiles is the equivalent radiator thickness, designated 3

:
3
1
1
.
|

as XB radiation lengths. This is defined as the thickness of

radiator matbrial necesssary %o produce real photons in sufficient

guantity ©o give the same disintugration yield in the target as

that produced by the electrons themselves. The quantity Xé pro-

=il

R D
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o W TET T T T N P R e i = P A AP EPRRTCTNY r - = =



70

60
Photon Energy k (MeV)

Eremsatrashlung Intensity Spectrum

1
HF- 7

Rast

-
‘.
-
o

B

AT

3 !

X g 3 sy
CCR T SRR 2

L 1

e

3

Zoy ooasi




oo R
o Rl e E A s, .'~:""’;-:~’<~

PRIy
R
s

PR e e S e S R it e D P L T S ——

vides 8 convenient parameter useful in comparing the disintegration
effects of the virtual photons of the electron field with the
effects of real bremsstrahlung photons.

Using the equivalent radiatof thickness, one may definz the

“yiéld;Frum electrudisintegratinn to be

Yii5) =X f WdEzh) k. e

This is identical with Bquation-(l) except for the presence of ths
factor X_. Using this definition, along with eguations (11) and

(12), one obtains the equivalent thickness,

)i/e = E XT X (24)

stated in terms only of measurable quantities.

‘? E. Ealcﬁlat&uné for Nitrogen

Melamine ‘contains both carbon and nitrogen, each of ‘which

contributes Be7 or Cll digintegratinn fragments. The calculation

o STy PR e
Y RE et v

of the nitrogen disintegration cross sections from measured melamine

yields thils requires the subtraction of the carbon effects. Ue

Pk

define a diaintegration cross section Fnr'ﬁhé melamine molecule

gl

g

. s,

gs 8 sum of the cross sections of its constituent atoms. From

Sy R
o

this we find the nitrogen cross ééctidh, applicable in form for

TR

either photodisintegration afrelectradisintegra%inn, to be

SCEL.Y

S
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" The melamine and carbon croes gections, 6-;491 and d‘c, respectively,
are to be obtained either from equation (14) or from equation (15)

and the appropriate meaesured gquantities.

Fo Radionuclide Identification =

The two primary radionuclides of interest in this experiment,
Be’. and C'l, and & third which LS EdsEveY N'?, were identified
by heans of both enargy-spectfum and half-life measurements. For
each sample a first pulse-height analysis was made during the early
stages of decay when Cll and, in the case of the water, Nl3 wers
the prevalent radionuclides decaying. At this point the spectrum
was scanngd for evidence of other radiations besides the 5ll-Kev
pnsitron-annihiiatiun phntﬁhs ar the 477-%ev Li'7 gamma rays. In
no cgse were other radiations present in sufficient guantity to
be observed. A typical pulse heiéhé spectrum is given in Fig. 8,
which shows the annihilation pho’ion peak fram the_Bll decays in
a typical carbon semple. - | |

The second and subsequent pulse-height analyses were mads:

for each sample at a later time when the only decay Dbserved wees

- that of BB7,‘uhich produced 477-Kev quanta. An example of this

iz shown in Fig. 9, which displays the 887 decay spertrum fnr a
water sample.

The N3

dec?ya were ohserved in the water samplea.butﬁnnt
in the melamine. The seaming absence of Nl in melamine was
incurred by necassary delays in the cnunting of these eamples.
The Cll activity in the malamine wss gufficient to saturate the

counter aystsm. After this had abated sufficliently to enable ue
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to make s messursment, the remaining N13 activity was too week to

be noticed in comparison with the remaining Ell activity. In any

13 11

case, if both N~ and C

were ersent in a given sample, the
actuel separation of these activities was performed by the computer

program.

e SRR e faoia i i g R s 4 e s 2 LS g

R, Efficiency of Counting
The counter efficlency was calculated on the basis of purely
geometrical consideratifins using a technigus due to Heath Eﬁ}.

In this method gny photon interaction in the counter crystal is

assumed to ceuse a detectable pulse. The stated efficiency is thus
a messure of the probability %hat a photon entering the crystal
'mill cause a pulse somewhere in thy spectrum. If, howsver, only
those pulses which are im the photopeak are accepted, as in our
case when an integrsl discriminator was used, a method of weter-
mining the ratio of counts under the peak to tntal‘cpunts in ths

spectrum must be devised. For these "peak-to~total ratios” we

11

8imply used tha numbers 0.653 for Be7 and 0.630 for G~ obtained

¥ram‘the date of Heath for a scurce placed 0.5 centimeters from
" the counter. 'Tnese ratios were nbtained under the conditions of
very good geometry (nn hank~scatterinq} which also apply to the
efficiency calculation.
The total efficlency calculatin#@ﬁar a thin disc source on

the axig of a cylindrical counter is discussed more fully in
"Appendix 2. Censildering a thick target to he composed of a sum

of ‘thin discs, ons obteins tha following mean efficiencies: 0.287

for the carbon semples, 0.261 for melamine, and 0.257 for water.

: These are the efficisncies used in our calculations.
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we may nouw asaemble the varluua re]evant Facturs into one

exprasaiun frum whichk the true act1v1ty is to ha calculated,

1

o A= o @
G 'PS -

Here Ap is the messured activity in the photopeak (assumed squal
to the number of pulses which pass the discriminator in unit time),
€ is the counter efficiency, P is the .peak-to-totel ratio, and
5 coz_‘r'ani;a for self =absorption in the svurcs,  The. latter was
determined sxperimentally by measuring the afficigncy with ecarbon
el sourca and the detector. The
factor 8 was: found to be no less than 06975. .In addition, fozr.the
positron ennihilation measuresments we divided R by 2 to take 1lntp
account ths fect that two photons ere emitted in this process. . .

He - Calculetion of the Activity . d g
, The asctivity of the samplas at time 1?, the instsnt whan
irrediation ceased, was cobteined from a sequsnce of activity
megeurements made at verious later times. The raw data of, these,
agtivitiss end the times at which thay wers measursd was, progessed
by .a:computer progrem deeignated FRANTIw which wes written by
Rogers [10] for computers using a FORTRAN compiler.. The pregram,
corrects tha;Faw date for background activity, courtar system
dead time, aﬁd‘any uncertalnties in theaa‘quantit;gs, It then ..
fits ons or moxrs exponential.decey curves tu,tha_cnrraptsqlaqt;yity
points by: the msthod =f lesst equures. The decay.conatant.and the
initial rumbsr of nuclel being the paramesters: through:which.the .,

fit is made, theso: quantitles, and the standard devistion.of,sach,
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- was measured in the experiment, is known with a reasonable precisian”

gre the output information from the preogram. For mixtures' bf
gimple activities the program fits the longest-lived ‘activity first,
progresses to the next longest,' and so-on,  giving values for each

of the decay constants and initial actiﬁpties.

I. Error Anelysis

Precise anelysis of the -errors in the reported gquantities
prasents formidable difficulties; it will not be attempted here.
Instead we shall merely summarize the statisticsel and instrumental
uncertainties as we have estimated them.

The activity An' perhaps the most interesting gquantity that
J-
Even sao, An involves the statistical uncertainties in the "individual
courts, mostly less than 0.5 percent, the errur in the fit to the
data, usually less than 1.0 percent, and the uncertainties in the
detector apparatus. Of these, the 5 percent uncertainty in the
dead time measurement will contribute a neglibible error for most
of the measurements. Of mnreiimpurtance,ithe uncertainty in total
efficiency of the counter maylﬁe as much as 5 percent, in the
peak-to-total ratio sbout 5 percent, and in the self-absorption
fector another 1 percent. Were one to consider these uncertsinties
s normally distributed (a highly suspect assumption), the total
grrar in AD alone would be about 6 psrcent.

To obtein the croass sections, however, one must know both the
amount of materisl in the beam and the current of bombarding
electrons with some precision. For the former, we believe the

error made in measuring radisting material and target thickness is
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less than 1 percent, except for the melamine target where .5 percent
is perhaps more appropriate. The error made by assuming the copper
bremsstrahlung spectrum to be v%lid for all the radiators incorpo-
rates perhaps enother 1 percent of uncertainty. The determinatiaon
of the number of bombarding electrons is, however, highly'unfertain.
In the first place, the absolute efficiency of the Becondary;
gmission monitor is uncertain to about 10 psrcent. Worse yet, the
integrating circuit“;nterpnsad an intermittent leakage current the
magnitude of which was known only to within 20 percent, at best.

This gives a total uncertaeinty of measured charge of as much as

10 percent. GCoupled with the uncertainty in;$d9 monitor efficiency, -

this may lead to an error ss large ms 20 psrcent in the absolute
value of accumulatad charas.

When all the uncerteinties are added together, by whatever
specific technigue, it is sasy to imagine a total uncertainty of
30 percent in the measursment of B given yield. GSince the final
crogs section calgulation involves a difference of vields, howsver,
the error in ths cross section for carbon or oxygen may be éa
large as 50 percent. Still more uncumforcabyqb»the nitrogan
celculation invelves subtraction of the carbon yield from that

for melamine. The error here may be ssveral hundred per cent.
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IV. RESULTS

« The final cross sections that are reported in this cﬁapfer
are. besed on the experimgntal data set forth ir Table II below.
The. quantity listed in column 3 of the table is the integral
stated in the danominator of equation (9) in Chapter III. It is
calculated here for the Ell measurement only. The uncorrected
ectivities steted inm columns &4, 5, and 6 simply list the counting .,
rate at the time the irradiation ceased. These are the raw output
date of the computer and are based on the actusl counter output
corrected only for deed time and background. Other data concerning
radiator thicknasses and total accumulated charge were taken from
Table I in Chapter 1I.

TABLE II
Experimental Data

==

Thickness Current Uncorrected A.tivities
NT . Integral ctt Be’ nt?
22 _ =2 16 5 . b
Target (10%% om™<) (10 el) (10° ect/s) (ct/s) élﬂ ct/8)
Carbon 1 4,00 1.091 60.7 2003 « *o-r -
Carbon 2 403 0.882 20,3 10.4 o
CBI‘DDFI 3 l".DZ l.DlD 2503 l["03 -
Mel, 1 0.263 1.270 17.0 9.48 -
Mel. 2 0.273 - 0.870 5.16 5.30 =
Water 1 2.22 0.900 0.406  2.69 7.46
Water 2 22 1.180 0.221 1.20 4,35

The electromagnetic disintegration crose ssections for the

11 1

from the various

formation of the unstablse nuclei C™7, 897, and N
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targgtwnﬂclsi are stated in Tables III, [V, and V, respsctively,

in units of micrubarnsﬁ The thtudiaintegratiun croas ssctlon,. -

/

6ar appearing ir the second column of the tables is; of:ceurss,..
the wverage cross ssction per squivalent .photon. . In calculeting:
this guantity, we used ths value 67.0 MeV for thajintagratsd
photon intensity spectrum arlsing from elsctrons of primary:snesrgy
75 MeV. . From this one obteins on the avarage D.894 equivelent
photons of energy 75 MeV for sach slectron that penestrates one

radistion length of matter.

TABLE III

Totel Croes Section for Fopmetion of gt

— szt = —]
P a———y —— —  —— —_—

G (pb) G”SQ/A b) e"é/g-a

Nucleus
Carban B23. 17.5 L7
Nitrogen 133 7.7 17

- Dxygan - - 12.1 Bi3g 3@ e

TABLE Tv
Total Crose Section for Formation of 3a’
Nucleus 6;(/“43) 6:(}" b) b-ézﬁ"e'
Carban 68.6 1.30° 53
Nitrogen ' 7.95 1,05 7.6
Oxyger 8.67 0.138 62
42
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: % TABLE V
' Q ¥ ; Total Cross Section for Formation of N13 i
) ; & :
1 g it i R i . 4 ' |
g Nucleus Do/ M G, #0  gz/0% : [;
% ' Oxygen " 3l.6 ’ 0.24 132 :

Cne should note that the probable error in these cross sections
may well be in excess of 50 percent. It is thus not reasonable to

expect detsiled egreement between the numbers and eny other pub-

lished results that fall in the same domain. Even so, our results

are internally consistent to the extent of displaying proper irends.

For- example, the cross sections for both types of disintegration
prugéases feall off with increassing Z of the target nucleus. This

3 is tn bé expected on the general grounds that any particular
procees has a smaLler probebility of ocecurrence when the possible

3 . number'uf processes increases, as in heavier targets. We note also

" the generael consistency among the ratios of photodisintegration

to electrodisintegration cross sections'fuf the various nuclear

i targqtg.

_.ﬂﬂ“wwaﬁf-wmm’ -
- R UE— BT

ol S o T ke - "

id v o e = SR m-d

% On the other hand, agreement with the results uf,pphar gxperi-

menters,ls indeed very poor. The experiment of Barber et al. [li] !‘
on the"Clz(}”,n)Cll reaction determined the activation cross

B - section to be 2.2x10727 cm2 for bompardment qith x=-rays of 75-MeV
maximum anergy. This cross section is analogous to our photo-

disintegration yield, Yy , for which we found the value 6.5x1028%n?,

which diffaré‘by é“fééfor of 3.4 from Barber's result. In

another experiment involving Cll production, Barber Eﬂ found the

ratio ({h/dﬁé to hada the value l4.4, a factor of 3.3 lower than

our result.

PR - ew
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In ths -cess nf processess leading to the pruductiun of 897
our rasulte agree but little bestter mith the publishad values of
other grnupe of experimenters. Artus [}] atatea that the photo-
disintegration cross assction Ja for the 857 procesees out of 5

“carbon and uxygen have veluss of 143 and 12 microbarns, respec- %

' tively, for x-rays with maximum ensrgy of 55 MeV. Our values for
these quantitibs are lower by factours of about 2 for reasons

unknown to us. Our electrodisinizgration croes sections for Ea7

processes must, however, Btgnd alons without comparisbon with

other work, as must the nitrogen photodisintegration cross

sectlion.  No other published results for these quantitiss are

B )

o

} known to us, | ‘ ' , 4
"
s In Table VI are listed the‘p&uivalent radiator thicknesses

XB which srise from comparison betwesn the effetts on the disin-

tegration praocesses of thé real x-ray spectrum and the virtusl

photan spectrum of tHe elec*van fielde. Thé entriss in the table

seem to be in reasonably] good egreemsnt with the appruxiﬁéfgjr' B =

e o ) i e o Al e i

theoretical value X =10 oL /1T =0.023 radiation langthe in all

caéea ‘except that of nitrogen, i ;
T ; |
TABLE VI x b
‘e : |
‘ " Equivalent Rediator Thicknaaaaa r
; e W' ' "
F bl el 4 (radiatinn lergthe) :
i | jaddas g : T Ty : :
: i Nucleus Ell process Be 7 pgcead 2 O
e [ - : » ‘
Carbon 0.0271 D 0195
i : LI ; 4ikg .
1 4 b ) o B 84 .V g . Ui ) N
: ! Nitrogen .0108 .1265 ) . 3
EOE O TGwah S ! . WAATL B MLt 0 o R . 3
{ Oxygen 20199 .0216 :
'
o
] 1 %
: |

L : E- i;

TN
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The large experinental uncertainties in our work, sspeciselly

.

‘gﬁéiégﬁ;;ma can concluds that Be7 and C{ are ppuducad’in;sume

LN S AN P OY < L LT

i
that invelving nitrogen,'mmke uu}:reéuita only tentative. Nsvern- i
|
3

quéhtfty'fram"barbon,'ﬁitroggn, and nygeﬁ.h Evidence Fbﬁftha
‘kpgodqcpiun.qf N13 from orygen is also uﬁambigunua. The experiment

must pg:rep;;fad wi th greater care, however, before the guantitative

results cen lend themsleves to a meaningful theoretical interpre- |

; . tation.
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APPENDIX I
Mquhall hers dﬁecriba a fsu aspects of the electxm@ncircuits
nemed in the biock di%éram af. Ffig. 4 in Chapter II. Pui;ea of light
from the Mal crystel are registered in a ten-stage RCA.BDSQ photo-
multiplisr tubs which is conrected to the voltage-diviger nestwork

shown in Fig. 10 baluwr The circuit was designed to provide negative

voltags pulses having ; felli-time af about z00 microsssonds when

the device is used in canjunction with an Ortec Model 113 preamplifier
with 8 500 picofared input capacitor. Such pulses have an optimum
duration fur,linaar amplification by the Ortec Model 410 amplifier

to which they are led.

Output pulsee from the linear emplifier are bipolar, having
pnsitiva.and nagative emplitudes in the range 0 to 10 volts. These
pulaes ure anaslyzed either by the Nuclear Data Model 180 512-channel
analyzer or by the Ortec Mcdel 420 timing gingle-channel analyzer.

In the former cese the pulse-height analysis date are stored in the

memery unlt of the analyzer, These data, in the form of counts per

channel, are then available in an oscilloscope display or in printed
form from & teletype printers. |

Most of the data accumulated in the experiment, however, are
the gcaled record of voltage pulses which merelv had an amplitude
larger than a certsin mipimum. In this nase the Ortec 420 single- \
channel anaglyzer dinpriminatad betwesn pulses of different amplitudes,®. "
accepting anly thuaé greater in amplitude than E, the vnltage of
the intwgral discriminntor setting. The output of ths analyzer is

a Y-volt, 0.5 microscond long, rectar,ular pulse for each accepted

input pulza. ‘Thase pulsas are than smplified to a height of 15 wults
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by means of a solid-state amplifier designed and built in this
laboratory. The resulting pulses are led to the malti-channel
acaling GMCS) input terminals of the Nuclear Data 180. Here ths
pulses are sccumulated in a given ane of the available 512 channels
of the analyzer. In this mode of use, the MCS wode, the analyzer
accsptsiénd registers in the selected channel all the pulses

having én.amplitude af 15 volts. When counting into ane or more
channels has been completed, the information in the various
channals-nf the memory is available through the output devices
mentioned before.

Selection of the ﬁarticular channel used for storage is
gccomplished sequentially by a timing circuit cperating with the
trigger circuit shuwﬁ in Fig. 1l. The timinp circuit determings
thaAdwell time in a given channel. This is done by counting a
predstermined number of 60-Hz, 115-volt line pulses by means of a
Technical Associates Model D5-58 scaler used in its “Test" mode.
When the selectad number of pulses has been counted, the scaler
nutﬁut terminal voltage undergoes a step change of -80 volts,
whicnh fires the trigger circuit, causing it to send an 8-volt pulse
to the EXT IS5 terminals of the multi-channel anaiyzer, This causes
the enalyzer to scale the ensuing input pulées irto the next
channel in sequence. The putput vnltagg of the scaler then returns
to its original level prior to commencement of the next cycle.

The trigper circuit itself (see Fig. 11) operatzs through
the breakdown of the trigger device T caused by & sudden voltage
drop at .the start switch or at the input terminals. The device T
then acta as a short circuit, permitting capacitor C to discharge

through resistor R, and resul*ing in the dasired 8-volt output pulse.
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APPENDIX 'II et ved Seiavs
Efficiency Determination Bows B

The calculation of the absolute efficiency of photon:dstection

: for a disc source cn the axis of & cylindricsl crystal can be made [

? very accurately from pursly gecmetrical considerations. The method

effectively determines the joint prnhability tﬂé% a photon will be

intercepted by the crystal and will have soms kind of interaction
in the crystal material. For the counter efficiency in this
; experiment we performed & numerical inteeration of the eguation

i presented by Heath [9] as Fnllums;:

it k. X 3 i i b i VESS

) £ ('l

& o"’o

€lb): e |dk|dd [f “*B 2 o do

i 'tah"(-§-) . ' 2?7

| he ?(‘) . Ao )

i 4 [f — \tm@ Coa © ] Siin 8 cl@ :

o J |

3
g where

i

3 ] V2
# B=-%§\L¢ +[)(2$\»\?¢ '*"Tol"A/] )

The square-bracket expressions in the integrals state {he:iprobability
i that the photon of energy k will have an interaction when it impinges ﬁ

on a thicknese of materisl equal to the factor which multiplies the

-~

absorption coefficient Z(k) in the exponentials. The quantﬁmies R

and r, &re radii of the disc and counter, respectively, tD is the

A2 RIS RS A N A s e T T

Ll
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cryetal length, h 19 tha dietanca from the disc to tha cryatal face,

R T

.”9 and ¢ are angular variables of integretion, and x- tha variable by
m‘maanswuf which integration over the disc is achieved. Valuyes of the
v‘xdray'abaurptinn cuaffiéiants?f(k) for NaeI(T)l) that we used in the
B calculation were taiken from thse work of G. R. Mhite,[iz};uﬁ. ¥ ‘ ¢
Since %the sources used in the axparimant were ralativaly | . = f
”thick, ue Fnund it necessary also to carry out an intaqratlnn over A;i ’ %
the source thickness in the effieclancy celculation. In practice, |

this was actually done by calculating the thin-disc efficiency for

i

the two ends and ths mid-plane of the cylindrical ;source. Ue then

integrated the results by using %he Simpson three-point formula.

2 Pt

The results of thess calculations for the. three different source Cod
types used in the axperime&t are givan .in Tébié VIi-forﬁmhﬁcn‘ma o !
determined source radii according to the Failﬁuing Bunsiéafatiuns.
Since the accelerator beam spot wes ane-half inch in diameter, the ;
carbon diac received ths greataﬁ portion of i%s irradiation. in the

central one-half inch; thus ths 1argat'hércéﬁtage.pf,the,detagtable i

B L e

gemmas originate in this part. For the carbon calculation, then, ;
the radius of the carbon discs was agsumed to be 0.250 inches. }
For the water and melamine semples, howsver, the disc radius was t j

assumed equal to the bottle radius, 0.485 inches.

52




ket TR TRTATS A e o e g s e v e,
2 "‘ A A g P2l etk s R Bk YR
LR N FER ok T L ! Oty & o ks TR
i i 2]

TABLE VII i
Detector Efficiency :

e

gy

EFFicienéyVFnr Mean
Sample ho(‘inchea) disc at "o Efficiency ‘
R

CARBON 0.133 0.32488
0.233 0.28597 0.28710
0.333 0.25382

MELAMINE 0.133 0.32060
0.305 0.25824 0.26099
0,477 0.21237 ' |

WATER '3.133 0.32060
0.321 0.25353 0.25667
0.508 C.20529
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Radioactive fragments of Be’ and C11 were found in all bombard-
ments N13 wes also found in bombardments of melamine and water.
Electrudisintegratlun cross sections for processes yielding Cll were
found to rapge from 17. 5 &b for carbon down to 0.3 b for oxygen.
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to DLM+/yh, Integrated photodisintegration cross sections were found
{ i fo be apprnx1ma‘ely 50 times greater than these.
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