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NUCLEAR ABSORPTION CROSS SEGTIONS FOR HIGH ENERGY FROTONS

Albert John Kirschbaum

INTRODUCT ION

| The fundamentai problems of nuclear physics are the study of
the structure of the nucleus, the behavior of nucleons within the nu-
cleus,.and fhe nucleon-nucleon forces that are responsible for this
‘ strucfufe and behavior. The most direct information about nucleon—
nucleon forces is obtained from the 1nvestigatlon of the n-p and p_p
scatterlng cross sectlons as functions of energy and angle of scatter,
Information about the properties of nuclear matter and the behavior
of nucieonsvwithin a nﬁéleus is obtained from detailed measurement
of thé élastic, inelastic, and total crossrsections of representative
nuclei uﬁder bombardment by high energy nucleons. Most of the research
of this fype has Been rerformed using neutron beza.xxxs<,l"='8

The results of these experiments can be summarized very briefly

as follows: At low energiesa—lﬁ Mev to 45 Mevuwthe total nuclear ecross
sections are guite constant with respect to energy and follow an A2/3
law, From this one concludes that in this energy range the mean free
path of the incident particle in nuclear matter is small compared to
the nuclear dimensions and henée the nucleus is an opaque sphere, The
A2/3 law implies constant nucléonfdensity and ffbm the measured cross
sections one finds’the best fit with R = 41/3 x 1,37 x 10-13 em, It
was found that OTelastic) = o-(inelastic) = 1/2 o(total) = TR? which
supports the 0paqué sphere hypotehsis; As the energy of the bombarding

nucleon was raised above 45 Mev for light elements such as G; Be, Al,
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and above 80 Mev for heavy‘elements such as Pb and U, the total cross
sections were found to decrease quite rapidly. One must either assume
that the effecﬁive nuclear radius shrinks with increasing bombarding
energy, i.e., that much of the previously defined nuclear :adius includes
a nuclear force field that thends a considerable distance beyond the
nuclear surface;»or,_one must assume that the nucleus becomes partially
tranéparent to the inéident‘nucleono Both phenomena probably ték§ place,
but because of the extremely short range nature of nuclear forces‘the
bulk of the variation in the cross seétion, over %hé energy range 45
to 280 Mev, is attributed to the transparency effect. Fbrnbéeh;’Serber,
and Taylor9 have formulated a theory of the transparent nucléuslﬁo €X=
plain this phenomenon quantitativelyo Reasonable agréément existé bém
tween tﬁe experimental vaiues afver(tot;l) and the prédictéd véiﬁes
for energies up to approximately 2CO Mevo Above 200 Mev the measured
érosé sections appear to fiatten‘out and the agreement‘is pobr, since
the theory predicts a decrease in o (total) which depeﬁds upon the féll
off in the n-p and p-p cross sections with energy. A mofé ;tfingent
test of the deiails of the theory can be obtéined by meésuriﬂg the
cr(el#stic) or diffraction cross section,vand the CT(inelastic) 6r éb=
sbrption cross section. | |

According to the transparent nucleus ﬁheory, the nucleus is
treated as a partially transparent sbheré.chérécterized’by an absorption
coefficient aﬁd a réfractive index., The yalués ﬁo be used for the
absorption coefficient and refractive index aré detenmihed by the re-
sults of other independent measurements, Thus,‘the absorption coeffi-

cient depends upon the free nucleon-nucleon cross sections and the nucleon
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density within the nucleus, The refractive index depends upon the mean
potential ~energy V of the incident nucleon when inside the nucleus,
For neutrons: incidents:

= . on.. + (A -~ B)o
K= 4$é§ ,_whe:e crv= % np é ) oup

1) Abs. coeff,

i

o o
and

np nucleon-nucleon cross sections at the appropriate

energy, modified by the exclusion principle which
prohibits low energy transfer collisions.

R = nuclear radius = 1,37 Al/B,x 10=33 cm, |

A atomic mass.::.

2) Propagation'Véctor inside the nucieus =k +kj= kE@ + V/Ell/z
k= propaggtion yeétor outside the nucleus
k + k) = propagation Vector‘inside nucleus
V = mean nuclear potential_ B |
E = bombarding energy’

The total cross section and the elastic or diffraction cross
section are_functions~of both k énd'klg‘ The effective index of refrac-
tion ‘enters in an extremélfyéoﬁpléx manner, and the measurement of
o (total) or o;(éiastic) yiéids results difficult to analyse. On the
other hand, ©{inelastic) or the absbrption cross section, as Serber

calls it and as we shall refer to it hereafter, is a simple function

of k, the absorption coefficient, and R, the nuclear radius,

o3 =1._1=-(Q+2EKR) 2R
TR2 . 2K2BR<

(See Fig. 7 for a plot of this function.)
The measurement of o {absorption) thus gives direct information
~about the éuantity K, which in turn is related to the individual cross

sections for the incident high energy nucleon and the nucleons within
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the nucleus, Thus, in principle, here is an experiment vwhere one can

compare the o (p-p) and o (n-n), since in the formula for K, K= L_34nARE

with &= 24 Jnp + kA = %) opp for neutrons incident, and

&=2% opp 4_(AAf 2) “np  for protons incident. The necessary accu-

racy for such a comparison has not yet been obtained, due to inherent
difficulties in both neutron and proton absorption cross section experi-
ments, We see though that measurement of.cr(absorption) for proténs
yields a check on the theory since o (n=-p) and o (p-p) are known, for
free nucleon collisions. | |

Using neutron beams one can quite readily méasure'cr(total)
by a good geometry experiment using a few mean free paths of attenuator,
The measurement of o (diffraction) or o-(absorption) is difficult,
however, since high energy neutron beams are far from monochromatic
and good energy seﬁsitive direct neutron detectors do not exist for
energies above 60 Mev, It is therefore difficult to separate the elas-
tically scattered neutrons from those inelastically scattered,

Measurements have been made’ which in effect place a lower limit
on o (absorption) and an upper limit on O(diffraction). . Recently,

Wo Ball,8 measured o (absorption) and o-(diffraction) for neutrons
using a recoil proton counter as the energy sensitive neutron detector,
The results of this experiment are given in Table I, -

The use of protons to investigate the nucleus has two distinct
advantages. The high energy proton beam is monochromatic to a few per-
cent at least, and'by the use éf absorbers, energy sensitive countérs
can be employed. A-great disadvantage exists, hoﬁevers in that, be¢ause

of ionization loss in the attenuator, only a small fraction (approximately




1/10) of a mean free path can be used if one is to measure the cross
section over a reasonably ﬁarrow energy band. Thus, the quantity in
which we are interested must be measured by the small difference of
two large numbers., This reduces the accuracy of any measurement of
o by beam attenuation., (In the.discussion of errors in the results
it will be shown that although the ratic of the number of protons en-
tering and ieaving the absorber is known to 0.5 percent, the cross
section is known only to 10 percento)

In addition to whatever theoretical value might be ascribed
to the proton absorption cross sections, the measured attenuation fac-
tors are of practical interest to experimenters who must correct their
data for this effect because of the use of absorbers.

On the bésis of the above considerations it was decided to
attempt measurement of the absofption cross sections of a representa-
tive group of elements for ﬁrotons in the energy range 160-340 Mev
and with as many separate energy bgpds,as seemed reasonable, We will
now consider briefly the méth&d emplbyed to measure o (absorption) for
high energy protons on the six elements Be, C, A1, Cu, Pb, and U, and
also the difficulties that must be anticipated using such a method,

Basically what we must d§ to measure o-(absorption) is to count
the number, Ny, of protons entering the attenuator and the number,

Ny, leaving it with an energy equal to the incident energy minus the
energy lost by ilonization in thé attenuator, The difference of these
two numbers is then the number lost by inelastic collisions with the
=n O

nuclei, Expressed mathematically, Ny = N, e a

where n = nuclei per em? in attenuator
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= no, of protons entering attenuator.

=
(o]
1)

=
n

no, of protons leaving attenunator

absorption cross section -

;nq
]

Multiple coulomb scattering and diffraction scattering do not
appreciably degrade the energy of the protons. In the worst case to
be considered in this experiment, that Qf a 209 diffraction scatter
from Be99 the proton loses 5 Mev to the recoiling Be nucleus. The ef-
fect of diffraction scattering and multiple coulomb scattering must be
considered in determining how "poor® the geometry of the experiment
must‘be°

Figures 1 and 2 indicate the manner in which the equipment
is arranged., The cyclotron is operated at an extremely low level, so
that approximately 30 protons per second enter the eqﬁipment° Counters
1 and 2 in coincidence count the individual protons as they enter any
of the various attenuators, Counter 3 in coincidence with 1 and 2 counts
only those protons which leave the attenuator with no additional loss
in energy than that due to ionization° This is achieved by placing
sufficiént copper in front of counter 3 to stop all protons that lose
in the attenuator 20 Mev or more, in addition to ionization loss. Counter
3 is thus properly energy sensitive, but it now has an unknown efficiency
sigce‘many protons will be lost by inelastic collisions in‘the copper
‘absorber. If attenuat§rs that are equivalent in: stopping power are used,
their relative cross sections can be calculated from the data so far
obtained, since the efficiency of counter 3 is the same for each of the
attenuators, To determine an absolute cross. section the efficiency of

counter 3 with the copper absorber in front of it must be measured.



This is done by placing at the exit end of the magnetic channel a piece
of cbpper, equivalent in étopping‘power'to the attenuators. (See Fig.
1l.) Then by retuning the focus magnet a monoenergetic beam of prbtons
of the same energyvas those that left the attenuator with no inelastic
collisions can be passed through the counting system. The different
angular spread in the beam, with and without the attenuator, is compen-
sated for, by using ; shaped rear absorber; so that all protonsvhave'
the same péth length in the absorber. The ratio of counter 1, 2, 3
coincidences to counter 1 and 2 coincidences gives the efficiency of
energy sensitive counter 3. Using this efficiency we now have

Ny = €N . Ny= ENg e BT | iy
= no. of prbtons entering attenuator

Ny = no. of protons leaving attenuator (not measured directly)

=
N
|

= no, of protoms leaving attenuator and copper abs,

& = efficiency of counter no. 3 as“detenmined by the calibration rum
with internal absofber

n = no. of hﬁclei/bmz'in'éftenuator

o, = absorption cross section for attenuator nuclei.
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DESCRIPTION AND-REQUIREMENTSVOF EXPERIMENTAL APPARATUS

Counter No, 1

Counter Ne. 1 mus£ detect a 1/2 in, diameter 5eam of prétons
over the energy range 340=160 Mev, with efficiency reasqnably clése
to 100 percent, It consists of‘a 2,5 cm x 2.5 ch x 1 cm clear still-
bene crystal mounted on a 1P21 phdtoﬁube; Thé pﬁotctube chassis is wired
in the conventional manner., The negative signal from the anode is fed
over double shielded 125 ohm line tovthé linear amplifief'in the couﬁta

ing area., The cable is properly terminated to avoid ringing.

Counter No, 2

Counter No . 2 must detect protons in the beam the same as counter

-No, 1, and in addition must discriminate against two protons that oceur
within the resolving timé (0.5 tL sec,) of the coincidence circuit- used,
This is necessary since two proténs less than 0.5 AiLsec, apart will be

counted as a single proton entering the attenuator, but the total prob-
ability of a count in counter Neo, 3 due to either of them is just twice
what it is for a single proton entering the system, Thus double pro-

tons would reduce the measured cross sections. (With a 15 microsecond

beam pulse, 50 times per second, the probability of two protons less

0.5 x 30 -
15 x 50

2 percent.) Because pulse height is to be used to discriminate against

than 0,5 u sec, apart with a beam of 30 protons per second is

two protons, Counter No, 2 consists of a 5 am x 2,5 ecm x 0.6 cm perfect
stillbene crystal mounted between two 1P21 phototubes. The oubput
signals from the anodes are combined by short lengths of shielded cable

of known capacity, and are fed into a 6AH6.cathode follower. The input
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impedance .of the cathode follower and capacity of the cable and 1P21
anodes form an RC circuit with a time constant of 1 stsec, The pulses
from two protons less than 1/2 atsec., apart will be added by the RC
circuit, and, depending upon their separation in time, will give an
output pulse between 50 percent and 100 percent higher than a single
proton pulse., This higher level pulse can be used to activate an anti-
goincidence channel and thus reject those signals from multiple prctonso
Protons further apart in time than 1/2 . sec. are separated by the
céincidence circuit used, The signal from the cathode follower is in
turn fed through double shielded cable to a linear amplifier in the
counting Areao | '
It should be remarked here that the pulse height properties
of such a system, with an RC circuit to integrate the current‘passed
by the phototubes, are much superidr to one where the output pulse
height is determined by the peak current passed by the tubes. This
isﬂpggtiqulgply‘trug when two or more tubes are used in parallel to view
the same scintilléior;*ﬁ*f¢7‘7: -
The pulse height spread of the system can be estimated roughly

by the following simple considerationss r

N = no, of photo electrons

AE = 2 Mev = energy loss in crystal

'€ 2 200 ev = average ionization loss per photon emitted

Q. =0,1= light collection efficiency

¥ = 0.05= photocathode efficlen@y |
Then |

’

i::; 15 percent.

LI

we fxaxy =
In
N
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Thus the full width at half maximum of the pulse height dis-
tribution for 340 Mev protons should be of the order~ofv30'percento
This is sufficient resolution to distinguish between one and two pro-
tons as discussed above., The experimental check of this number will

be described in the section on experimental procedure,

Counter No., 3

Beeauée 6f diffraction scattering and multiple coulomb scatter-
ing, counter No. 3 must be of large enough area to prévide the neéessary
poor geometry., rThe areas presented to the beém by the atténuatbrs,
copper absorberé, and counter No. 3 are so chosen ﬁhat all protons
scattered in a cone of half angle 22,5° are contained. (See Figo. 3)o
The scintillator for counter Ne. 3 consists of a solution of three gréms
of terphenyl per kilogram of phenylcycloheianeg with 15 miligrams of
diphenylhexatriene per kilogram of solution added to concentrate the
radiated light abou@ a wave length of 5000 A, the region of maximum
sensitivity of the 5819 photocathode. The liquid is ﬁeld in a luciﬁe
cbntainer 9 in, in diameter and 2 in, thick., The lucite walls of the
cylinder are 1/2 in, thick, andvthe lucite faces are 1/8 in. thick.

It is viewed from the back by a magnetically shielded 5819, 6 in, from
the scintillator., (See Fig, 2)o A silvered mirror mounted on the front
face of the counter is the only aid to light coilection used, since

a tapered lucite light pipe or conical reflector would not improve

the light collection appreciably, Also, since the protons lose at
least 50 Mev in this counter, thére is no problem in the detection of
these particles. The counter is tested with 340 Mev protons which lose
15 Mev in the scintillator. In such tests, it counts with 100 peréent

efficiency,
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The signal from the 5819 is fed to an RC circuit and cathode
follower similar to that used for counter No. 2, This increases the
signal to noise ratioc, since the noise pulse peak currents from the
5819 are comparable to the signal peak currents, but the integrated
current or charge from a noise pulse is not as great as that from a

signal, in general,

Attenuators and Absorbersg

The thickness of the attenuators is calculated using the range
energy curves to obtain the grams per cm? of copper required for the
desired stopping power, and then using the relative stopping powers

as measured by Bakker and segrall to calculate the grams per cm?
for the other five elements used, The G, Al, Gupland Pb attenuators
are accurately ma¢hined blocks of the proper thickness, as calculated
from the published degsitieso The densities are checked by weighing
the attenuators and determining their volume by vernier caliper measure-
ments. _

Because of the difficﬁlty in obtaining Be and U, these absorbers
are built up of several bofroﬁed pieeesxwith unmachined edges., Their

2 is calculated from the -density

thickness for the proper grams per. cm
values as measured previously by the group from whom they were borrowed.
| The possible error in the densities (less than 1 percent) is amall
compared to other errors in the experiment.

The copper absorbers are selected flat stock or are machined
to the desired thickness., Using various combinations any thickness up
to 4 in., in 1/6/ in, steps, can be obtained. For the 335-270 Mev and

the 270-205 Mev energy bands, a shaped rear absorber is used, (Ses
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Fig, 3). With such a shaped abéorber the knee of the range curve (See
Fig. 8) is sharper, The shaped absorber compensates for the additional
path which protons, that have been multiple coulomb scattered or dif-
fraction scattered through a large angle, would normally have to traverse,
The internal absorbers for reducing the enérgy of the proton beam are

6 in. square copper plates of exggt}y the same thickness as the copper

attenuators used,

FElectronic Egquipment

The linear amplifiers, variable gate units, and ten channel
quadruple coincidence circuit used are all standard UCRL equipment,
available in the counting area racks. The pertinent characteristics
of each are:

Linear amplifier

l. Gain continuously variable from 250-8000
2. Band pass of 8 megacycles
3. Input timé constant 5 microseconds,
Variable gate units
‘1. Calibrated discriminator 0,0-100 volts
2. Variable delay of 0.5 cwsec. to 10 . sece
3. Vﬁriable output pulse width of 0.5 to 10 aLsec,
Lo Dead time of 3 aL sec.
Ten channel coincidence mixer
1. Ten inputs and ten quadruple coincidence outputs
2. Anti-coincidence available on 4th input of each of the
ten mixer channels.
3. Resolving time éf.tﬁice the pulse'ﬁidth ﬁsed, for pulses

at least Ool/u.seco wideo
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EXPERIMENTAL PROCEDURE

Collimation, Alignment, and Beam Reduction

Using the maximum intensity 340 Mev scatter deflected proton
beam with the'preemagnét collimator wide open, the focus magnet is
adjusted and the 1/2 in, by 48 in, collimator is carefully aligned
with respect to the bean for minimum spray from the walls of the 0013 ;'
limator. When 'the pre-magnet coilimator is then closed down to 0,07 in,
high by 0,12 in. wi&e, the beam passes cleanly down the 1/2 in, colli%i
mator without touching the walls. When the internal abébrbers are p%a?%d
in the beam, it is felt that if the focus magnet is retuned for maximﬁ£;:
beam in the cave, as determined by counters No. 1 and Neo. 2, that the
beam will have a minimum amount of low energ& spray. This assumption -
is checked.later on by taking a range curve at all beam energies. Wiﬁh
internal abscrbers, pictures of the beam are not possible because of
the greatly reduced beam intensity.

Sti1l using the full intensity beam, the equipment is easily
aligned by posiﬁioning screws so that the center line of the three counters
coincides with the beam center line within 1/8 in.

The beam is now reduced to 30 protons per second in the follow-
ing manner. The arc pulse and gas flow are turned off, and the fila- -
ment curfent is reducéd about 10 percent, A beam clipper located at
approximately a 20 in. radius is lowered into the internal proton beam
until the desired counting rate is achieved. By varying the filament
current it is possible to contrél this beam, and to hold the beam level
constant to 20 percent without undue efforto. When internal absorbers

are used, the circulating beam must be raised by factors on the order
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of a million., This is because of the small solid éngle the pre-magnet
collimator opening subtends, and the multiple coulomb scattering in

the internal absorber which is appro%imately ten feet éwayo"With the
maximum amount of internal absorber used; 2.91 iﬁo, the cyclotron must be

run at full intensity to obtaih 30 protons per second in the cave,

Plateaus in Counters No, 1 ggg No, 3

To determine the proper operating voltages for'counters Ne. 1
-and No. 3 a counts versus high voltage curve is téken for each counter
in the following manner. Using counters Ne. 2 and No. 3 in coincidence
as a monitor, the number of coincidences between counters 1 and 2 are
plotted as a function of the high voltage on counter 1., With the counter
1 linear amplifier set at‘250 and the variable gate discriminator set
at 15 volts, the plateau extends from 1100 volts to 1300 voitso 1200
volts is the operating point chosen for this 1P21l.

In a similar manner using counters 1 and 2 in coincidence and
counters 1 and 3 in coincidence a plateau is found for counter 3.
In this case, the counter 3 linear amplifier gain is set at 8000, and
the plateau extends frpm 800 to 950 volts. The 5819 is operated at
875 volts. Operating with a lower amplifier gain and higher voltage

decreases the signal to noise ratio of this tube.

Adjustment of Pulse Height Counter No, 2

We must first adjust the high voltages on the two tubes viewing
counter 2 so that on the average they give ocutput pulses of equal height,
With the diseriminator set at 15 volts, the linear amplifier gain set

at 2000, and high voltage applied to each of the tubes separately, the
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counting efficiency of each tube is adjusted, by varying its high volt-
age, to one-half its plateau value., That is, until coincidences 1 and

2 are half coincidences 1 and 3. This is the point of steepest slope

on the initial rise of the counting efficiency versus high voltage curve,
and thus allows one tc adjust the tubes to equivalent operation with

the greatest accuracy.

With the high voltages on the tubes set for equal sensitivity
the linear amplifier gain is then adjusted until the coincidence channel
for this counter accepts all proton pulses. (See Fig, 6), The anti-
coincidence channel is theh activated and the discriﬁinatof for this:
ehannei.adjusted to the‘point shown on Fig. 6, This is the point at
which‘counéefs 1 and 2 in coincidence, with the antiméoincidencé e¢ir-
cuit‘opéraﬁing,'eount‘approximétely dnemhalf:as mény protons és céunters
1 and 2 in céincideﬁce dﬁlyo This is a rather drastic condition to im-
pose upon the pulse height of the signals from counter 2, but it in-
sures the exclusion of double protons. The pulse height resolution
of couhﬁer 2 is sﬁudied by‘taking a differentiai discriminator curve
at arlow endugh beam to insure only single protons. At 10 protcns per
seébnd the éhance of two protons less than 1/2 . sec. apart is 0.7 per-
cent. The full width at half maximm of this curve is 40 percent, as

compared to 30 percent.predicted theoretically.

Raﬁge Curve

With the counters adjusted as described above, an integral
range curve is‘taken using the copper attenuator and ceopper absorbers.
(See ‘Fig, 8). The purpose of  this curve is fourfolds

1) To check the beam energy (mostHimpxmtant at the lower en-

ergies)



2)
3)
4)
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To check for low energy contamination | '
To locate a running point above the knee of the curve

To locate a check point (the point of steepest slope) at
which to compare the stopping powér of the various attenu-

ators.

With the copper attenuator replaced by the various attenuators,

the location of the running point and range point is checked in terms

of the amount of copper absorber required,

Cross Section Runs

The actual cross section data is now taken in three separate

runs on each attenuator and the consisténcy of the ratios of triple

to double coincidences is taken as a measure of the stability of the

equipment.,

Sevefal additional checks are made during these runs. The

ratio of triple coincidences to double coincidences is checked under

the following conditions:

1)

2)

3)

When the counting rate is doubled or halved by changing

the beam lével, the ratios remain constant to 1/2 percent
Gounﬁer 3 is moved back in 1 ino steps to check the poor
geometry. No change in the ratio is detected for a change
in position of 3 in, or less, At 5 in, the ratio decreases
by 3 percent |

The effective discrimination against double protons is varied
by increasing the linear amplifier gain for counter 2 by
10 percent. This changes the fraction of counter 2 ﬁulses
accepted by the electronics from 50 percent to 16 percent,
No change in the triple coincidence to double coincidence

ratio is detected.
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4) With no attenuators or external absorbers the ratio of triples
to doubles is checked to determine any sag in the detection
efficiency of counter 3. 1Its efficiency did not change

by more than 0,1 percent,

Reduction of Beam Energy

" The internal absorber is now run in on the proton cart, épd
positioned sé that all the beam from the magnetic channel has to pass
through this absorber. The internal beam of the cycloiron is raised
the required amount, and the focus magnet is then retuned for maximum
beémrin'the cave, A raﬁgé curve is then taken and compared to the
full energy,v"cleanﬁ beam range curve to check the beam energy, and to

detect any low energy spray. (See Fig. 8).

Calibration of Counter No, 3 Efficiency

With exactly the same copper absorbers that were used in the
previous cross section runs, the efficiency of the energy sensitive
counter 3 is now measured by comparing counter 1, 2, and 3 coincidences

against counter 1 and 2 coincidences,

Cross Section Measurements for Lower Energy Bands

.. With the appropriate internal absorber to reduce the beam en-
ergy the steps outlined above are repeated to measure the cross sections

for the two lower energy bands.
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CALCULATIONS

erss Section Célculations

With the attenuator lets
N, = no, of protons entering the attenuator
N, = no. of protons leaving the absorber..
| With no attenuator, but with a_corresponding internal absorber
let:s

NS

B8

no., of protons entering the absorber
N4 = no. of protons leaving the absorber.

efficiency of counter 3 with copper'absorber in front of it

ILet € =
o, = absorption cross section of attenuator nuclei

1 = no. of atoms/ cm® in attenuator,

Then = §2
N

' Nﬁ N
- 0o _ =no
and N, = € Ny & = = Qe
o
NA
..o*:i‘-;]_-n ZRN"
No N2

Statistical Errors

1 N2 No
9= =ln N, N,

Let Ao = standard deviation in o due to statistical fluctuations.

By the theory of st%tlstlcal error propagation
2 =
(A o) ( )(A N‘?,)2 (a > 2 (A N§)2

- o BT (BT

But A;NZ S standard deviation in Ny, which is-given by the fluctuation

in the number of events taking place,
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oo ANp= NNy - Ny
Similarly A N3 =Y Ng - No

- N, B!« NS
where Ao =1 ﬁ%’ 22" 2
ny No2 N32

JNO=' Nz, N6 - N3

and Ao N n2 N32
o Y
, No No
1n ﬁg’ﬁ;

Sample Energy Calculation

340 Mev = proton beam energy
5 Mev = energy loss in stillbene crystals

energy of'protons entering attenuator

0

335 Mev
R (335 Mev) = 91,5 gms/cm? copper
attenuator = 28.0 gn/em?® copper or equivalent

. ‘Residua1 Range = 63,5 gns/cn? copper

and is the energy at which protons, suffering no inelastic
collision, leave the'attenuator
R (268 Mev) = 63.5 gms/cm® copper
Absorber = 56,5 gns/cm? copper
Residual Range = 7.0 gms/cm® copper
+ 75 Mev = energy of protons leaving absorber and entering counter 3
Also 250 Mev = energy corresponding to a range of 56.3 gms/cm2 of ccp;
per, the absorber thickness
+ + 268 Mev - 250 Mev = 18 Mev = energy that must be lest by the
proton in an inelastic collision, if it is

to stop in the absorber.

268 Mev = proton energy corresponding to range of 63,5 gms/cm2 copper
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Average Fnergy of Protons in the Attenuator

Let E = average energy in the attenuator

= entrance energy of proton

!

Ry = range corresponding to Ej

exit energy of proton

N
]

£ range corresponding to E2 _

o
n
8

We assume that over the energy. intervals considered we can write

E=KR* where K and @ are constants and O- can be evaluated froms
. d({lnE)=1n
“d (ln R; 1n B.]_f;iz
fo Mgan fl KR dR

Then E = =
1 Ry = Ry
d R .
2
- oLl a+1
or E= —E& Ry - B2 E1 Ry - E2 Rp

@+ 1 Ry - Ry (d.+ 1) (By - Bp)
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ERRORS

.It is difficult to éstimate the total experimental errors other
than statistical. However, some attempt in this direction seems called
for, |

By the range method used, the stopping powefs of.the various
atténuators were checked to approximately 1/2 gm.of equivalent copper.
From the slépe ofvthe range curve and the running points chosen, this
could introduce an error of about 1 percent in the double to triple
coincidence ratio, | |

The error due to diffraction scattering appears negligible.
Using the measured values of de/d8 of Richardson!! for carbop at 340
Mev, the contribution to the creoss seetioﬁ”by protons scattered more
than 20° is found to be less than 2‘millibarnso, At the lower energies
the increase in the solid angle subtended by the rear counter almost
compensates for the wider diffraction pattérn so that the contribution
to the measured cross section because of wide‘diffraction scattering
is less than 3 millibarns, For the elements heavier than_éarbon and
beryllium this effect is completely negligible9 since the diffraction
pattern becomes quite narrow.

The error due to the spufious counts éaUsed by the production
of neutrons in the attenuator and absorber is small., The number of
neutrons produced and detected by counter 3 is‘cheeked by using slightly
more than a range of‘c0pper absorber, For the various attenuators and
for the internal absorber calibration ruﬁg the percentage of triple
coiﬁcidences due to neutrons is 0.8 percent, 003 percent, Only the
change in the number of neutron counts causes an error in the measured

cross section,
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The error due to shifts in the beam level is negligible., In-
creasing or decreasing the beam by a factor of two changed the measured
coincidence ratios by 0.5 percent., It is possible to hold the beam
level constant to within 20 percent, thus introducing a maximum error
of ‘0.1 percent,

If we assume.no othér experimental errors of consequence exist,

the total possible systematic error in the true attenuation factor,

§ .
f= g@.%% = the fraction of protons that pass through the attenuator
)

with no inelastic collision, is approximately 1.4 percent. Thus since

f = e~RY
A - Ar
o fAnf

Therefore:

For E = 305 Mev An £ 2 0,16

Ao .
> =

For E= 2,0 Mev A nf= 0,15 l%ﬁ?— Z 10 percent

Possible systematic error = 9 percent
For E = 185 Mevw Anf=0,10 '—éa?'—‘ﬁé 1/ percent
These are believed to be the maximum systiematic .errors possible
in the measured cross sections. The final check on the cross sections
and assumptions about errors used above will be made when the experiment

is done by some independent methodo
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RESULTS AND CONCLUSIONS

Table I lists the measured cross sections for each of the el-
ements and energy bands considered in the experiment. The errors listéz
are the standard déviations due to statistics,

Table II lists for comparision the measured absorption and dif-
fraction cross sections for protons and neutrons in the energy region
300-180 Mev, Considering the probable errors in these cross sections,
one can conclude that the results do not disagree with the hypothesis
that thevabsorptioh and diffraction effects for 300 Mev neutrons and
protons are essentially the same,

One rather striking effect, however, is the ratio Ga/ca o Iﬁ
the original theory of. the transparent nucleus, it was not expected
that this ratio would be as small as it appears from the measured cross
sections; ﬁoweverD Fernbach12 in an extension of the theory to higher
energies found that he could predict a comparable raﬁio by assuming a
zero shift iﬁlwaveuléggth of the incoming nucleon. when it.entered the
nucleus, This is to be ekpectued,9 sinég a high erergy particle has
such a sho;t de Broglie wave=length that it interacts with only'the
éloéest nucleons and hence feels no.averége potential due to all the
nugleons in the nucleus, |

Thus far the transparent nucieus theory is in reasonable agree-
ment with the;experimental data, If one a@cepﬁs the proton data and
caloulates the value of K from the ratio /tvR2 and the curve Op/TTR?
vs, KR given in Fig. 7, the values obtained show a consistent variation
with respect to Ao The value of K changes by a factor of two in going

from Be to U for all thrée energy bands, This might be explained by
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assuming that the exclusion principle effect becomes more important
with increasing 4. This would cause a decrease in the effective nu-
¢leon-nucleon cross sections inside the nucleus, However, until the
results are duplicated by an independent‘method such ideas must remain
specuiativeo The neutron daté exhibits some change in K with increas-
ing A but nothing comparable to the proton data,

The measured values of o, for protons are élotted agaihst energy
in Fig. 9. The 77 RR values of the various nuclei afe plotted at zero
eﬁergy° The straight lines down through the points have no real sig-
nificance, since the cross section is very likely not a simple expo-
nential function of energy. Lacking any other data, however, thevlines'
represent as good extrapolated values of o, as are available at present.

In Fig. 10 the cross se@tibns’are plotted against A on a log-
log scale, The points fall reasonably well on the three pargllel étraight
linéso The slope of the lines is found to be 0.73. This implies that
= Varies as A2/3'x Al/iéo The A2/3 factor giving the geometrical area
of thé nucieuszapd the Al/ié,the relative épaquenesso Warren Heckrotte
predicts, from an analysis of Fernbach's theory, a power law of AQ°78;
The agreement is reasonable in consideration of the 10 percent probable
erroré in the cross sections.

One hopes that a better methed of measuring o, for protons will
become available, since much interesting information about the nucleus
caﬁ be extracted from accurate absorption and diffraction cross section
data. It would be interesting to repeat the experiment using smaller
amounts of absorber behind the attenuatdr to check whether this method

of energy discrimination introduces a systematic error, At the same
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time the inelastically forward scattered protons could be studied,
Unfortunately, this requires a large amount of running time on the cy-=
clotfcno. | | - - | o

With the advent‘of»highe: proten enérgieé9 faétér eieétronicss
aﬁd a bettef beam duty factérg.the.experiment can Be berformed again,
using essentially the éame meﬁhod, to obtain more;aeéurate and'mofe-

detailed resﬁltso



=28=

ACKNOWLEDGMENTS

The author wishes to thark Drs; Ro L. Thornton, B. J, Méyer9
and O, Chamberlain for their help and encouragemént at various times.
He also wants to thank all the cyclotron operatoré for their cooperation
‘in running the machine under somewhat trying conditions°

This work was done'under the auspices of the Atomic Energy

Commission,



=29

~Table I

335 - 270 Mev

270 - 205 Mev

1.77 &

Element 205 - 1
E = 305 Mev E = 240 Mev E £ 185 Mev
o3 £ MNeg in barns | ot A eop in barns | o5 ¥ A oy in barns

Be 0.151 £ 0,004 0.169 * 0,006 0.172 £ 0,008
C 0,187 * 0,006 0,202 £ 0,007 0,204 * 0,012
Jol 0.334 * 0,009 0.383 £ 0,012 0.408 * 0,025
Cu 0,608 £ 0,022 0,667 * 0,031 0,746 * 0,045
Pb 1,48 % 0.06 1.57 ¥ 0,07 1.55 & 0,11
U 1,60 #* 0,06 0,07 0,13

A\ oy = standard deviation




Protons 305 Mev »

Table II
: Neutrons 300 Mev

“anle/cm .
Element o 7 R2 povey 10 / ‘ ca(lB) %/ oé(8) | 05(8) ?iﬁ%i lol;/cm

Be 0,151 0.256 0.590 2.5
¢ 0.187 0.310 0.604 2.4  0.098  0.52 . 0,203 0.079 0.39 2.7
a 0.334 0.530 0,630 2,0 0,201 0,60 0.390 0,187 0.48 2.7
Gu 0,608 0.934 0,652 1.6 0,515 0,85 0,755  0.410 0.54 2.6
Pb 1,48 2,07 0714 1.3 0934 0.63 172 134 0.78 1.9
U 1.60 2,27 0,705 1.2 | | |

. 240 Mev
Be 0.169 0.256 0.66 3.0
c 0.202 0,310 0,65 2.7
N 0.383 0,530 0.72 2.6
Ca 0.667 0.934 0.72 1.9
Fb 1.57 2,07 0.76 1.5 All cross sections are in barns
i 1.77 2,27 1.5 " K values are in units of 1013/cm

0.78

mOEm



“Table II

{continued)
Protons 305 Mev Neutrons 300 Mev
1012/cm ‘ : 1012/cm
Element o 23 R ;Q——;-ﬁ K (13) %,—/oé, o—a(8). 05(8) /e K

185 Mev
Be 0.172 00256 0.67 3.2
c 0,204 0,310 0466 2.8
A 0.408 0.530 0,77 3.0
Gu 0.746  0.934 0,80 2.5 o
Pb 1.55 2,07 0.75 1.5 ﬂ
u 1,90 2,27 0.8, 1.9

A11 cross sections are in barns

K values are in units of 1012/cm
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Fig. 4
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