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DIFFERENTIAL CROSS SE CTION FOR THE ELASTIC
SCATTERING OF 32 MEV PROTONS BY DEUTERONS
Val J. Ashby

S

- Radiation Laboratory, Depa‘r_tmént of Physics
University of California, Berkeley, California

January 28, 1953
ABSTRACT

' The angular variation of the differential cross seection for
the elastic scattering of 32 Mev protons by deuterons has been meas- '

ured from 22.4 degrees to 150 degrees in the center of'mass system.

'The measurement Was performed using a differential range, propor-

tional cdunter télescdpe of Which a detailed analysis has been made. -
The results are in general agreement with those obtained at both

higher and lower energies By other workers.
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DIFFERENTIAL CROSS SECTION FOR THE ELASTIC
SCATTERING OF 32 MEV PROTONS BY DEUTERONS

. Val J. Ashby

Rad1at1on Laboratory, Department of Physms
University of California, Berkeley, California

January 28, 1953 |

INTRODUCTION
v The experimental measurements of t1’1e‘ angular distribu-
tion of the differential cross section for elastic proton'-deuteron scat-
tering may be divided into two energy grdups: A consid-eraﬁle amount
of datal-? has been obtained in the low energy regieﬁ; mor’e. than half
of these results having been reported within the past three years. (The
airailable‘evner:gy in the center of mass system has raﬁged from 0.167

to 6.47 Mev.) At higher energies, Sternl0 has performed a measure-

" ment using 190 Mev deuterons, Schamberger11 has used 240 Mev pro-

tons, and a third experiment is now in progress by Clark12 umng 345
Mev protons: the respective available energies are 62.6, 155 and

221 Mev. A natural addition to this accumulation of data is afforded by
the 32 Mev protons of the Berkeley Linear Accelerator, givih-g an
avallable energy of 21.3 Mev. -

The results of these experiments have two features in com-
mon: the angular distributions are characterlzed by a-relatively large
cross section for scatterlng at angles near 180 degrees, and by a mini-
mum in the cross section which moves progresmvely towards larger
scattering angles with increasing energy. At very low energies this
minimum is near 90 degrees in the center of mass system, and for
the experiment of Stern it is found at 140 degrees.

The attempts at theoretical analysisl3'19 have been con-
fined principally to the low energy data and have met with varying de-
grees of succes._s. The theoretical data of Buckingham and co-workers,

based upon an interaction energy between nucleons comprised of a

16,18
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mlxture of the Ma_]orana and Heisenberg operators, has been compared
favorably w1th the exper1menta1 data of Sherr, et al. 3 and with that of
Karr, et al. 6 From these comparisons, the experimental ev1dence is s
found to be cons1stent w1th the charge 1ndependence of nuclear forces,
and to favor fofces:.of the E symmetncal exchange type as against
ord1nary forces, at least for interactions in which the energy involved
is not too great. The near equality of the n-n and p-p nuclear inter -
actions is al-so supported by the low energy data. Critchfield, 22 in
making a’'phase shift analysis of the data of Sherr, et al., 3 has found
S and P wave phase shifts 1nsuff1c1ent to represent the data even at
.th1s low energy (3 49 Mev protons scattered by deuterons). ""‘h1s is
perhaps not surprising in view of the large size of the deuteron.
Cr1tchf1eld also points out that the large cross sect1on for large angle
scatterlng is not in itself direct evidence of the exchange nature of
nuclear forcesl, .but rather is evidence for an exchange of partners for
the neutron in fOrming the deuteron. This exchange of partners, or
pick-up process, has been exam1ned by Chew19 for the high energy
case, uS1ng the 1mpu1se apprommat1on, and a compar1son10 of his
calculatlons has been made with the data of Stern. The agreement
1s generally good, w1th the except1on of a marked d1screpancy in magni-
tude for scattering angles at larger than 130 degrees

The data of the present exper1ment have not been analyzed.
Any future analy51s will be confronted with the 1ntermed1ate nature of
the energy 1nvolved the energy is too high for a part1al wave analysis
to meet with any success and too low for the problem to lend itself to

the approximations wh1ch are poss1ble at much hlgher energles

-
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EXPERIMENTAL ARRANGEMENT AND DESCRIPTION OF EQUIPMENT

The 32 Mev protdn ‘beam from the linear accelerator was.

' rhagnetically deflected through an angle of 20 degrees, then passed suc-
cessively through a series of collimators, ‘the scattering chamber, and.
into the Faraday collecting cup. ' .

| The main collimation was accomphshed in the collimator.
labeled C- 3 in Figure 1. It consisted of a circular hole in each ef three
carbon discs separated from each other by a distance of '_o.n_e-'ft:)ot',. The

first hole Was"one;-eighthuin,;and the following holes three-sixteenths inch 2
in diameter The‘collimator C-2 was a square hole adjusted to be

E shghtly larger than one - eighth inch and’ collimator C-1 was a rectangular
hole ad_]usted to stop in advance that part of the beam which would not
have passed through the succeeding colhmators It thus served to re-
move one of the sources of background as far from the counters as pos-

‘sible. Collimator C-1 was also used to control counting rates by re-

'.Adueing the beam intensity when desired. L Tec T
' Pre'Cedihg collimator C-1 was a 0.00025 inch aluminum foil
sei'ving to strip ahy‘lé’ Mev H‘E ions ‘which may have been present in the

beam, and which otherwise would not have been removed by the analyzing
magnet. R ' |

The beam passed through _e 0. 001 inch duraluminum foil upon
entering the scattering cha'.mber," ‘through the one atmospherve of deu-
terium gas present in the chamber, through a second aluminum foil, and
into the vacuum chamber containing the Faraday cup. ’
| The scattering chamber consisted of a brass cylinder 8 inches
high and 12 inches in diameter which contained vacuum tight ai:eess ports

for the counter system located every 7.5 degrees from 15 degrees to 90
degrees in a plane conta1n1ng the beam line. In connecting the counter
system to one of these ports, a large protractor -platform enabled cor -

rect angular p051t10n1ng
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The counter teles'cope_consiste_d of a tube 4 inches long and A
3/4 inch in diameter containing the slits which define the scattering ge - ~
ometry, a remotel;r controlled absorber inserter, and three propor-
‘tional counters, The slit system was immersed in the deuterium gas
and isolated from the absorber inserter by a 0.001 inch duraluminum
foil. - | | |

The three proportmnal counters were of the mu1t1p1e wire
type contained in a common enclosure filled with a m1xture of argon
and 4 percent carbond1ox1de to a pressure of 1/2‘_ atmosphere. A single
. counter section consisted of a 2 inch diameter grid of 0.002 inch wolf-
ram wires spaced 1/4 inch apart, which was sand_wiched‘midway between
two 0.00025 inch aluminum ground planes spaced 1/2 inch apart. The
second and third counters, hewever were separated by a somewhat
thicker, 5.82 mg/cmz_,» ,aluminum foil. The counters were operated _ . .
with the first two in co,incidence and the third in anti-coincidence, re-
sulting in a differential range telescope capable of detecting. essentially ' -
. only those particles which stopped in the 5,82 mg/emz_zf_oil._ By varying '
the amount Qf aluminum before the counters with the absorber inserter,
a range spectrum of those particles which passed through the geometry
defining sl1t system was obtained. The details of the geometry, ‘the |
accurate determ1nat10n of the range resolution of the counter telescope,
and the method used in converting the observed spectrum into a value of
the cross section will be discussed 1ater , , -

 The gas pressure was measured w1th an oil monometer which

in turn was referred to an ordinary mercury barometer, and the temper-
~ ature was measured with a thermometer in water contact with the alumi-
num 1id of the scatt_evrin"g cha'rinber, A linear plot of te_ruper.ature vs.
manometer readings during the course of the measurements at a gi\}en
. angle and gas f.illing served to indicate the absence of any sbignifiea'nt
leak in the charnber. ~The 'deuterium gas was a_nalyzed and found to .
contain 1/3 percent ordinary hydrogen. A partial pressure correction

‘was made accordingly. ' ' .
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'The integration of charge was accomplished as follows: The
Faraday cup was operated in high vacuum with the usual -fnaghetic field
of several hundred gauss at the entrance of the cup to prevent the exit
of any secondary electrons produced as the beam impinged on the back
‘wall of the cup. The cup was connected through some fifty feet of co-
. axial cable to a calibrated capacitor, wbhich'in turn was fed to the 5803
input stage of a 100 percent feedback electrometer circuit. This circuit
functioned in such a way as to make the effective cable capacity negli-
‘gible in'comparison with that of the calibrated capacitor. The electro-
meter output was measured With a Leeds and Northrup 'self-éalibrating
recording millivoltmeter. Consideration of the various errors involved
leads to an estimated accuraéy of £ 1 percent for the charge measure-
ment. This includes Capacitof calibration, electrometer and recorder
drift, the human error in zeroing and reading the recorder, and the cup
collecting efficiency. : |

' The counters were operated at approximately 1000 volts, their

outputs being amplified first by preamplifiers with a gain of 16, and then
" by linear amplifiers with gains set near 1000. The signals were then
- passed through pulse height discriminators and delaying circuits and -
formed into gates with which the triple.coincidences were made. All
equipment used was ‘standard in the laboratory. A block diagram of the
electronics is-shown in Figure 2.  The gate widths for the first two
- counters were adjusted to be 1 micro-second long while the ga/te_ width
for the ‘third or anti-counter was 2 micro-seconds and made to straddle
the other two gates in time. The measuréd "jitter' (time variation
between two proportional counter outputs induced simultaneously by a
single particle) was less than 0.2 micro-second, hence the gate widths

were more than ample to avoid missing counts from this cause.
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EQUIPMENT ALIGNMENT AND OPERATING. PROCEDURE

The align_mentrof the collimator C-3 and the scattering cham-
" ber with the incident proton beam was accomplished with the use of a
‘transit and mirror arrangement somewhat as follows: Initially the col-
limator C-3 and the scattering chamher. were replaced by an evacuated
'pipe tert:ninated with a thin foil and a "picture?" was taken of the beam
position ‘by the convenient method of burning a spot on an emulsion coated .
glass plate. A transit line was then established which passed through the
center 'of this exposure and the center of the collimator C-2.  The scat-
’terlng chamber and collimator were then replaced and centered on this
- transit line, and another beam picture taken to check the alignment.
- Usually the alignment was sufficiently intact from one day to the next,
‘as determined from beam pictures and the transit, so that the procedure
was much simplified. The final criteria were always that‘the beam pass
‘through the collimators cleanly, as evidenced by the beam picture, that
- the chamber be aligned with the beam, and that the deflection magnet '
current be closely the same as it had been at other times. Since each
cross section determination automatically resulted in a beam energy
measurement through the range position of the elastic peak, slight day-
- to- day beam energy variations were of little consequence. _

‘The deflection magnet current was nominally regulated to
0.02 percent and in the early days of the experiment it was monitored
by observing a 0.5 percent meter. It was soon realized from the be-
- havior of the data that'the regulator was not operating properly and this
was confirmed by monitoring the current with a Leeds and Northrup
. recording :millivolttneter'. 'The importance of good regulation can be
demonstrated easily. If one assumes an R = kE™ range-energy relation-
ship, then the percent change in range at a given scattering angle is just

2n times the percent change in the mémentum of the incident beam, i.e.

SRO/RQ' = 2n Spo/p0
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Since n = 1. 75, approiimatelf," and in the worst case of @ = 15 degrees,
R =1200 mg/cm? alumlnum, a change of 0.1 percent in the magnet cur-
rent would result in a shift in the range spectrum of approximately 4.2

m'g/cmz. It will be evident from Figure 7 that such a shift at any time

while the data of an elastic peak were being taken would seriously effect

the results. Accordingly, considerable attention was paid to the con-
stancy of the’ deﬂectiori magnet current throughout the course of the
experiment. o ' ‘ '

_ The counter telescope was positioned in angle with the aid
of the protractor to £ 1 degree. This error was larger by a factor of
two than was necessary, due to an 1nadvertent slip in the posrtlon of the
protractor at sometime durlng the course of the experiment. The effect
upon the measured cross section’ ‘values will be d1scussed The axis of
the counter telescope was made to intersect the axis of the incident beam
with the aid of a dummy slit system through which one could sight at an
indicator previously positioned on the beam axis with the transit.

‘  The scattering chamber was evacuated to below 10 microns
pressure, and until the rate of rise was less than 2 microns per minute,

then filled with deuterium. The pressure and temperature were ob-

‘served at least every hour during the course of the measurements at a

given angle. . ,
'~ The electronics were checked for proper operation, gates

adjusted, etc.d, before each day's run. Once the chamber was filled

with deuterium, amplifier gains and discriminator settings were ad-

justed to their approximately correct opera’tin‘g values by observing
counter pulse heights on an oscilloscope screen. This being done, the

absorbers before the counters were varied until the detection range

interval was located at the peak of the elastic range spectrum, i.e.

 at the point of maximum coincidence counting rate. The plateaus could

then be determined with the greatest accuracy and the necessary re-

finements in gain and d1scr1m1nator settlngs were made for correct -

: -operatlon with respect to the plateaus A detalled conS1deratlon of the

plateau shapes will be made in another sectlon
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SOLID ANGLE GEOMETRY A
- The cus'tor«n_ary method for defining the solid angle and the

effective target thickness ofva"gas target has been employed and is

illustrated in Figure 3. An éperture, in this case a rectangular one,

of area 2ah, is located at_"a distance R, from the center of the chamber,

and an additional slit of'width 2b is separated from the aperture by e.

distance& towards the c.h‘a'.rnber center. The height of this slit must be

large enough not to affect the solid angle, and is dependent upon the |

diameter of the beam as well as the other geometrical dimensions. The

size of the beam at the center of the chamber was calculated?? before-

hand and also checkeg‘lvphotographically. In computing values for the

cross section,. the ge'o'rnetri'cal. factor TAQ is required, where T is the

effective target thickrress<and AQ is the solid angle subtended by the

aperture. A good approx1mat10n can readily be had by v1sua11z1ng

Figure 3a with 0 = 90°. It is seen that T = ZbRo/ﬂ and AQ = Zah/R .

- and for other angles that T varies as csc@. Thus

TAQ = %E-}L csch.

The non-angular portlon of this product will be referred to as G. It

is perhaps worth pointing out that with this type of geometry the solid

angle - target thickness product above varies inversely only as the first
‘power of Rg. An exact 1ntegrat1on for the case of a line source and an
aperture hav1ng a height, h, which is infinitesimal, has been performed 22
with the following result

| | 2,12 2 8
a®+b a cot 0 . .
TAQ = m_ cscO [ ( 222 ) = R +...higher order terms ] .

In the worst case (@ = 90°, ,f,o"r the geornetry used) the correction is less
than 0.1 percent A further intégration over the variable h, giving an
exact result for a line source and an aperture of finite height would also

yield a negligible correctlon.,
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An approx1mate correctlon due to thé finite size of the beam
will now be cons1dered. It will be assumed that the beam is uniform in
density and also that the cross section of the beam is square, rather
than circular, in order to si'mplvivf'y'the integration. The average solid
"angle -target thickness product is desire'd whi'ch‘e's'sentially"'amounts
to f1nd1ng the average of cos o./r over the area of the béam, as can be

‘seen from Flgure 3c.’

ave 1 - cos a'dx dy
cosa  4AB . r'f: ,

. r B o
| | o 2 2
j - x) dx dy o g y +(RQ+B) dy
- 755 v + (R N x)2 ‘ZAE v2#(Ro-B)2
» Expanding the log .:terrn and dropping vhigher erder terms, A
~ 1 (B~ - A7)
! 1+41/3 —4m — +....
o { TR ]
In the worst case of 0 = 15°, and for A = 3/16" "Ry = 10.in. B = A csc@
X
., 1.0016

- Thus the correction is neg11g1ble ‘
. It may be pointed out that there is no part1cu1ar advantage
: ~ in using a rectangular rather than a circular aperture for determznmg
the solid angle, but the angular resolutlon contrlbutlon to the shape of
. the elastic peak range spectrum has a s1mpler form 1n the rectangular
case. The circular aperture, be1ng easier to make, is generally used.
The Values of the "geometrlcal parameters were as follows:
2a = 0.1870  0.001 inches
2b= 0.2085%0.001
h= 0.2530 +0.001
£ - 4.015 £0.010
'R =10.000 %0.063

G = 4abh = 1 [‘cm+l
= “mor L™
1/2 '

= 0; 011

' [ @_?)2
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- RANGE RESOLUTION AND OPERATION OF THE o
. \ D'IFFERENTIAI._. RANGE COUNTER

- The counter arrangement has been brlefly dlscussed in the
section on "Descr1pt1on of Equlpment" One of the outstanding advan-
tages of such an arrangement arises f'rorn the fact that the desired
particles,  being detre'.ctednear the end of their range, give up a rela-
tively large amount of energy in the first two counters, thus permit-
ting descrimination against much of the background of smaller pulses.
The range interval of detectlon, »AR, of the counter telescope serves
as a "window" through whi:kch the rang'e distribution of particles is ob-

served and therefore r-epresents the range resolution of the detector.

If only the shape of a range drstr1but10n is desired, then the magnitude

of AR needs to be known only approx1rnate1y If, however, the area
under a glyen“spectral pe.akA is to be determined, in order to calculate

the cross section for a given process, as in this experiment, then the ' .

. magnitude of AR‘mu’st‘ be known to the same accuracy as one wishes to

know the cross section. - It'wras_ stated previously that essentially only
those parti‘cl.es_enfding _theirrange in the 5. 82,mg/cm‘2 foil are detected.
Actually a consi&erabl.e part of the range resolution is contributed by
some fraction 'o'f‘the eecond‘ connter, and to a much lesser extent by

the third or ant1 counter | v,

The fraction of the second counter which is to be combined
with the;5., 82 mg/‘cmZ to give the effective range resolution is deter-
mined directly by the 'ovevr -all amplification and pulse height discrimi-
nator bias setting for the second counter, and indirectly by that for the
first counter, smce it 1s 1n co1n01dence with the second. Figure 4 is
a diagram showmg the energy given up to the respectlve counters for
protons .ending their range in various parts of the counter system. It
was constructed from extrapolations to very low energy of the range-

23

energy data of Aron, .et al., and of Smith. 24 The energy scale on

the diagram is'therefore not absolute, but the relative positions of the .

‘energies repres'ented as being given up to the counters have been made
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self consistent to within a few percent. ‘From this diagram-the partial

" plateau characteristics have been deduced and‘'are shown in Figur‘é 5.

That is, one can determine the effective range resolution as a function

~ of the bias on eithér of the first two counters while holding the bias

fixed at some given value on the other (assuming that the over-all ampli-
fiéaticn of the two counters is identical).- As will be shown in the sec-
tion on "Treatment of the Data', the differential coincidence counting
rate is directly proportional to the 'range-resolution,: hence the descrip- -

tion as a pi’ateau, In Figure 6, the information of Figure 5 has been

 presented in the form of a contour plot..

. An example will illustrate the main features of the plateaus.
Referring to Figure 4, suppos‘e'o\}er‘aal'l amplification for the three

counters to be equal and the respective counter discriminator settings

. to be 0.111;y 0.139, and 0. 000 (in energy units), corresponding to the

"plateau knee™ common to the first two counters. It is seen.that those
protons ending their range in the latter 0.94 cm. (1.27 less 0. 33) of the
second counter as well as those ending in the 5. 82 rng/crrv2 foil will be

detected. From the relation,

-

(dE/dx) gas
/_ x). gas .. (AR)gas

~ {AR),, =
o Al *IAQ
and the filling conditions of the ‘counters, it has been determined that

1 cm. of gas in the counter is equivalent to 0. 725-mg/cm2’ {+ 4 percent)

- of aluminum, whereupon the effective range resolution in the above

example is found to be 6. 50 r;r-lg/cm'Z aluminum. . To continue on with

this example, it is noted that if the bias setting on the first counter be:de -
creased below 0.111, the range resolution is unaffected. If the bias be
increased, the fraction of the 5. 82 mg/cfnz“foil contributing to the

resolution progressively approaches zero as the bias approaches 0.187,

" and from this point up to.0. 204 the 0.94 cm. contribution of the second

“counter pr’ogreésively‘ approaches zero. .On the other hand, allowing

the bias for the first counter to remain at 0. 111, if the bias on the second
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counter be decr_eased below 0. 139', the contribution of the se‘con'd counter
to -the res;olutli.on nrogressively increases until the entire counter or 0,92
rng/crn2 is,_effective. - If the bias on the second counter be increased above
0.139, the cmt‘i‘ibut‘i"ors from Both the counter, and the 5. 82 mg/‘crn-2 foil
progre551ve1y approach zero as the bias approaches 0. 370

It has been assumed above that the dlscrlmmator bias for the
anti-counter was set at zero, which is a good approximation to the way
in which the actual experiment was performed. However, in order to
complete the plateaw p1cture, imagine a: famlly of curves in Figure 5 and
a famﬂy of surfaces in F1gure 6 as a function of the discriminator bias
on the anti-counter. One can note the general character of the effect of
varying the anti- counter bias by a further examination of Figure 4. As
the anti- b1as is 1ncreased to some value above zero, a small part of the
gas in the third counter effectively contributes to the range resolution,
resulting in a slight rai‘si_ng‘fof,tne crursfes of. Figure 5 and the surface of
Figure 6. ‘Furtherrnorev,'- if the bias on the first two counters were de-

" creased, some point‘\'av‘oulc‘i' be reached for which protons of long range,
passing .entirelybthrou_g‘h the three counters, would be counted in the ﬁrst
two counters but no_t in th_e third, hence. increasing the differential coinci-
dence counting rate sh-ar-p_lyvand resulting in a narrowing of the useful
plate'au:w’idth-. .‘Thi‘s is not an inoreese in the range resolution of the
counter telescope. It is,';howe.ver, a definite plateau characteristic which
was observed; and in some in_stances served to indicate that the discrimi-
nator bias on the ,an'ti-‘-'count_er' .w'as set too high (or the over-all applifica-
tion for the anti-counter too low) during the preliminary adjustment of the
amplifier gains and discriminator bias settings preceding each cross
section measurement = ) )

In Flgures 5 and 6 the dlscr1m1nator bias has been shown in
the units of:energy glven u_pto the counters, which is equivalent to
assuming equa'l-,o'\'rer--all ar’-np_lification for the three counters. In prac-
tice, the respective arnnlifi_cetions were made approximately equal by

adjusting the individual a_rnpliifier gains until the singles rates of the

A



-]_6_

individual counters were nearly the same ; " ~The plateau.was then ex-
amined by varying the d1scr1m1nator bias settings on the first two
counters s1mu1taneously These discriminators were then set from

25 to 50 percent below. the value for which the !.'knee" of the plateau

. occurred. ., The dlscr1m1nator for the anti-counter was set at frorn

.25 to 50 percent of the value for the first two counters, _ after deter -

mining that this setting was safely below that point mentioned above

wherein long range particles register,.in the first two counters but

not in the third:. The effect _bf unequal amplification has been taken

into account in Figure 6 by the dashed diagonal lines to the extent

of + 40 percent variation between the first two counters. The cross-
hatched area indicates the region of operation as des'cribed above.
The breakdowh of the sevelf—al contributions to the range resolution
under the .convdivtions of this experiment is as follows (in, mg/cm? alu-

minum equivalent)

Second counter -0, 82 % 0.084 ‘

Aluminum foil 5.82 +0.005
. Third counter 0.04 £ 0.02 ’ _
Total AR 6.68.%0.086 (L. 3 percent)

" A similar treatment for the detection of deuterons results

in no appreciable change in the total AR.
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CONSIDERATION OF BACKGROUND AND ACCIDENTAL COUNTS
' " WITH THE DIFFERENTIAL RANGE COUNTER

T

» Although the _a;sser'nbly of the 'three counters has been loosely

referred to as a telescope, their close proximity (allowing the detection
- of short range »parti_cles)_ presents a rather large solid angles for particles,
" othér than those corn’ing. th-r'Ough the geometry defining slit s ystem., to make
an apparent differential coincidence. Such unwanted counts are due to the |
‘conversion of neutrons and gamma rays into charged particles by the walls
and associated parts of the countérs. The several possibilities will now be
considered. , . : | |

A 51ng1e partlcle perhaps coming from one. of the walls, may
'~ traverse the first two counters but not the third.. The number of such back-
ground events can be 'determ1ned.1n two ways, either. by inserting an ab-
sorber before the 'teles_c_ope which is more than sufficient to stop elastically
scattered i)art,icles o,f’the highest energy accepted by the slit system, or by -
removing the deuter‘ium targ'et from the chamber and taking background
measurements for 's.ev'eral values of absorber in:the region of interest.
Both methods were used and little difference was found between them.
"However, the former is. thought to be better in principle, since the deu--
terium target itself acts as a source of neutrons. The method of treatmg
the background from this source, as well as that due to inelastic events,
is considered on page 23, f‘;» . - ,

Two partlcles may s1mu1taneously produce counts in the first
two counters respectlvely ‘The number of these events is readily deter -
mined by maklng an ord1nary differential coincidence, but with one of the .
first two counters delayed in time with respect to the other. This type
of accidental coincidence w'_as'l .measured at all times,' kept well below one
percent by adjuéting the ‘.beam_. current downward as necessery, and taken
into consideration when'reco'nciling the data. | |

A further type of acc1denta1 coincidence, peculiar to the dif-

ferent1a1 range counter, due to particles which come through the slit
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A system rather than to neutron and gamma ray 1nduced background has

" also been considered.  In contrast to the above type ‘of dccidental coinci-

dence, it operates to decrease the apparent differential coincidence rate

in the foHOW1ng way It will be recalled that the discriminator bias for

the anti- counter was operated at a con51derably lower value than for the

" first two counters. Th1s results in a con51derably h1gher 31ng1es counting
"'vrate for the anti- counter, i.e. many part1c1es producing pulses too small
to be reg1stered upon pa551ng through the first two counters will never -

" theless produce counts in-the th1rd If the ant1 counter happens to be

"busy” w1th such a part1cle at the same t1me as another partlcle stops

' ‘w1th1n AR, a true d1fferent1a1 c01nc1dence count w111 have been lost. One
' can arrive at the probab111ty for such an accidental process by askmg how
" often the ant1 counter is busy when a true differential coincidence occurs.

" If there were no accidentals of this type 'the anti-counter would be busy

‘only when the first two counters reglstered s1multaneously (let such a

double’ co1nc1dence rate be ‘denoted by DY) less the times when such par-

ticles stopped w1th1n AR (let the true d1fferent1al c01nc1dence rate be
'denoted by "C") 1 e. D-C. Actually the anti- counter is busy oftener as

glven by its 51ngles count1ng rate, S3 The d1fference, S3 - (D-C), thus .
'represents the frequency ‘with which the ant1 counter is busy without

: serv1ng the purpose of the differential range counter, i.e. form1ng the

after boundary ‘of AR. Hence the de31red probab1l1ty is proportlonal to

| C(s3‘-_"D i C)
One might expect this sort of accidental to become appreciable in the
vicinity of the elastic peak where both the differential coincidence counting

rate and the anti-counter singles rate are large. All of the above quanti-

ties were mon1tored during each cross sectlon measurement and a cal-

_YCulatlon showed the effect to be negl1g1bly small
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MEASUREMENT OF PROTON PROTON SCATTERING
- AT SEVERAL ANGLES BY THE DIFFERENTIAL RANGE METHOD.

P
s/

» ‘It was. discovered dur'ing the. course of the experiment that,
duetoapmemou;s oversight, the lateral dimensions of the counters were
borderhne for acceptmg all of the particles after they had undergone
| mu1t1p1e scattering in the preced1ng alumlnum absorbers., The nature
of the problem makes 1t des1rab1e to have these dimensions amply
large, since to make an accurate. calculatlon of the eff1c1ency factor
would be very ted1ous Consequently, with half of the proton- deuteron
data already taken, it was demded to measure the well known proton-
~proton scatterlng cross sectmn, 25,26 and to use this as a baS1s for
normallzrng the . proton -deuteron data if it proved to be necessary The
measurements were made at three laboratory angles 15, 37.5, and ~ -~
:52. 5 degrees.. _Atthese angles the respectlve energies of the protons
are 29.5, 19.9, and 11. 7 'Mev' The latter two laboratory angles cor- -
: respond to the same center of mass angle, due to the symmetry of
proton-proton scattering, hence a direct companson of the-counter.
eff1c1ency for protons of these two energies is had from this measure-
ment. In addition, since these two. measurements compared favorably
'both w1th each other and with the value of Cork et. al. 25 the meas-
'urement at 15 degrees served to indicate the counter eff1c1ency for the
hlgher energy protons (29 5 Mev). ‘
The results are tabulated below and compared with the
values of Cork, et. al. The m_1t1al beam energy has been 1nferred
from the range position of the elastic peak, and the errors given are
due to counting statistics only, the combined error due to other
sources being 1. 5 percent. | _
0'(CM) | 0(Lab) E,(Mev) do/d@'(mb) | Eq(Mev) do/d@'(mb) -
30/150| 15.0 31.4%0.1 14.3£3.8% |31.8+0.3 13,13 1.2 %
75/105| 37.5 31.3 + 0. 1 14,2+2.9% |31.8+0.3 14.05% 1. 1%
105/75 | 52.5 < 30.6 £0.4 14.3 3.4%
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As ‘the energy of the scattered partlcle 1s increased above

“that energy for which the counter telescope detection efficiency is still

100 percent the anti- counter is expected to be the first to miss some of

the partlcles, resulting in an artificially h1gh differential coincidence

'_ rate, or an apparent eff1c1ency greater than 100 percent. As the energy

 is 1ncreased still further, one may expect the second counter, then the

first counter, to be missed by some of the part1c1es, eventually resultmg
in a lowerlng of the coincidence rate, or an- eff1c1ency less than 100 per-
cent. The conclusion about the accuracy of the proton-deuteron data of
this experiment is thus left indefinite to this extent: If one:were to make
a correctmn on the basis of the s1ng1e piece of proton -proton datum at

15 degrees,> that correction would amount to a downward adjustment of

the quoted cross section values varylng from no correction at 80 degrees

in the center of mass system to a correction of approx1mate1y 8 percent

at 22. 4 degrees, with no correctlon being necessary at angles greater

vthan 80 degrees.’ No correctlon to the data has been made in view of the

meager proton proton data on which to base it. The data obtained from

deuteron spectra are unaffected by the above considerations due to the

_cons1derab1y smaller multlple scatter1ng of deuterons compared to that

of protons havmg the same energy
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M EASUREMENT OF PROTON DEUTERON SCATTERING
AT TWO ANGLES BY A COINCIDENCE METHOD

ot

» When the experlment was f1rst undertaken, 1t was planned
to be done by the method of makmg a c01nc1dence between the scattered
proton and the recoil: deuteron, somewhat after the fashion of Karr, et.
al.®o A chamber was constructed for this purpose, with double slit
geometry similar to that already described, but with a vacuum tight
window of O. 002 inch duraluminum subtend1ng the greater part of the
periphery of the chamber, such that the proport10na1 counters were
outside and the geometry defining slit system inside. of the chamber.
Such-an arrangement made it convenient to change the angle of obser -’
v-vat1on without 1051ng any of the deuterium gas. The method 1s lacking
v1n one respect, namely that a "co1nc1dence” can be produced by two - :
protons resu1t1ng from an 1ne1ast1c break1ng up of the deuteron It
would, of course, be. poss1b1e to distinguish between the elastlc .and. in -~
: elastlc c01nc1dences by always "identifying'' the rec01l deuteron in the
appropriate counter Instead of dev1s1ng such a scheme, however, it
was decided to perform the experlment w1th the dlfferentlal range
counter telescope, as has been descrlbed part1cu1ar1y since the equlp-
" ment was then available. The results of the latter method now indicate
that the 1ne1ast1c contribution to the measurements by the coincidence
method would be very small indeed. The.two coincidence measurernents
which were made initially thus would seem to represent valid data, and
in fact do agree with the results. obtained by the differential range method.
. Their values at 80 degrees and at 90 degrees in the center of mass sys-
tem are tabulated with the other data in Table II and serve as a check on

the validity of the latter.
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TREATMENT OF DATA AND DISCUSSION OF ERRORS

The

AQ
For

differential cross section in general is given by

do _ N .

1

number of scattering events

incident particle flux

1l

"

numerical density of scattering centers in the

target -

I

mutual volume of the target and incident particle

flux -

= element of solid angle subtended by the detector.

the present case of a diatomic gas target at temperature

t, and pressure p, the cross section in the center of mass system in

where

millibarns per steridian has been obtained from the following

do N pot 1. do 10U

I T Q pty TAGQ 4O 3.354

Q = proton charge, in coulombs, collected by the
Faraday cupn : _
TAQ = target length-solid angle product, in cm.
- d©/dQ' = solid angle conversion factor from the labora-

~ tory to the center of mass system

pot/’pto = pressure and temperature standardization

The

factor.

guantity N here refers to the number of events (coinci-

dence counts) which one would obtain if the range interval in the dif-

| ferential range counter were largé enough to accept the entire elastic

peak (less any background) with one observation. Since the actual

range interval of the detector was purposely made much ‘smvaller than

this, N must be obtained by an area measurement of the elastic peak

range Spectrum. The method used in making this measurement will

now be described.
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Consider that the geometry,
'patr'iéle“e"nergy, ‘and the various
resolutlon factors, etc., deter-

mine a range distribution function

for the elastic peak, P(r), in units
- of the number of counts per unit

range increment.

Then,
‘ N = fQP(r) dr.
A single'observation at range R,,  with differential counter range interval
AR, thus ylelds the number of counts
' R, +AR/ 2
(R ) = ' P(r) dr
_.-AR/ 2
If observations are made in equal steps of SR along the fange
spéctrum the total counts con.tained in the spectrum is given by -
N =22 z N (R))
‘'This amounts to détefmining the area 6f the spéctrum of the observed
N by the histogram- ‘method. The accuracy is seen to be best when
SR AR{ For much of the data of this experlment the sides of the spec-
trum showed little curvature and an interval 6R = 2 AR was used to re-
“duce the time for collecting. data. The. stat1st1ca1 error (standard devia-
tion) is readily seen to be :
S /2
A '

P

g =

[z o ]

5

The elastic peak spectrum in each case was superimposed
‘upon‘ a background distribution which could fairly be approximated by
a straight line. The background was evaluated as follows. On the

basis of the known theoretical shape of the spectrum, practical bounds
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were established for the elastlc peak beyond which the contrlbutwn to
N appeared to be 1n51gn1flcant Beyond and along equal distances from
these bounds the data were considered to be due only to the background,
‘and from these data the background area under the elastic peak itself
was 1nfer1_'ed. The backgro_und data were treated statistically in the
same manner as abovle‘ except that N and o-were each weighted inversely
as the ratio of the number of background observations to'the number of
observations lying within the chosen bounds of the elastic peak. The
bé.-ck’grvdund subtraction was then perfermed in the usual statistical way.
'The time for collecting data was proportioned such that the background
uncertainties contributed from one te two percent to the final statistical
error in the cross section. Figure 7 shows two sets of data (super-
‘imposed) taken at 15 ‘degrees, their respective backgrounds having been
'subtracted for comparison with the calculated shape of the spectrum.

‘ The two non-statistical errors inherent in’this treatment of
the data result from performing the experiment with &R different from
AR over regions of the spectrum which are appreciably non'-line.ar,_ and
from making the assumption of background linearity under the elastic
peak. These errors cannot be evaluated but are believed to be of the
' order of one percent in this experiment. Note that the listed "statistical
}error" for the 60 degree center of mass data has been increased by an
" estimate to allow for the fact that the short range of the detected deuterons
at this ahgle resulted in a very poor background determination.

. The non-statistical errors associated with the parameters of
temperature, pressure, charge collection, geometrical dimensions and
the effective range.resolution, AR, of the counter telescope have been
estimé.ted. and combined to give a resultant error according to the law
.-of propagation of errors. .Thatis, ifI = A2BD, .., then the relative
error in I‘is given by. ' '

sY1=[(a ‘K“) + (b -%P-)Z . ]1/2.
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In general, the individual uncertainities were as follows: .
. 3

5t/t =0.0017 (5t = 0.5 degree)

sp/p = 0.0014 p = L. o mm. Hg)

6Q/Q =0.01 |

SG/G =0.01 1 (geometncal dlmen51ons)
(AR)/AR =0.013  (5(AR) = 0.09 mg/cm Al)

The combined error is thus 2.0 percent.

- In addition to the above, an rappreciable error, which is a

function of the laboratory angle and depends upon the particle detected
(i.e., proton or deuteron), can arise due to an angular misplacement,
50, of the counter telescope from the nominal scattering angle, 0.
The conversion of the counting data into values for the cross section
- depends upon a coefficient which is a function of the laboratory angle
and it will be shown how a variation in @ produces a variation in this
coefficient, hence in the computed value for the cross section.

Let the coefficient be 1(0)

adi?— < 1(0) = AglPhoin®

\f -

‘The relative error in the differveﬁntial.cross section for a given 80 is

1 ée [ 1 sRe(0) + 1 _2sin0 1 p(d2'/d®) |
T“T TR, T 90 s5in 8 50 -~ do/dn 50

" The distance," Rd’ from the center line of the beam to the exit slit of
the geometry defining slit system, as can be seen in Figure 8, is a
function of @ by virtue of the Way' in which the counter and the slit
system are attached to the scattering "chember. Although the point
‘of attachment is at a known angle with respect to the chamber, which
in turn is aligned with the beam, it is possible for the angular position
of the. counter telescope to deviate from this nominal angle. Since the
counter and elit system were aligned by eye with the aid of the large
protractor platform, the deviation from the nominal angle occasionally

may have been as large as one degree.



-26-

From Figure 8, the variation in R, is seen to be
" 6Rg = - (R - ) cot 050

Hence,

19 R Y1 p(del/de) | o4
T__.gfsg_{cotg{l ‘_R_o__} m_b__sé___} 50

"Foi'. the :s,ca,t’ter'éJ; particle (proton) using:

: 2 3/2.
’ A (L +4a” + 2a cos 0')” : sin Q'
» LN :
dQ/dQ‘ 1+acos@' ‘ ’ tan 0 = a+cosﬁ'
2 ,
20'/20 = - 1+a + 24 cos@

1+acos Qv

‘where d = 1/2 for proton-deuteron scattering.

" One obtains

1 o(de/de)  _ . asin0'(2 -a” +a cos 0
: ———d—g——-—— el . ) '
a7ae o . (14dcos 0812

And the composite expression follows accordingly.

A

For the recoil particle (deuteron)
using . dQ'/dQ = 4 cos 0
The composite expression is here somewhat simpler

-i— '—E SQ—cotQ sec? @ =-(—R—%rﬂ 50

The values of 1/1 31/20 are of the order of two percent per degree for
prot‘of'ns and somewhat larger for deuterons. The values are tabu‘lqt,ed

in Table I.
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~ PRESENTATION OF THE DATA ~
The experimental data are given in Table II and have been
plotted in Figure 9. Since the individual datum at a given center of
mass angle has been obtained on different days, with different counter
‘telescope positioning and consequently different "mlsplacements" from
the nominal scattering angle, it would be improper to form their average.
Accordingly, they have been shown individually in Figure 9 and the angu-
lar uncertainties together w1th the associated varlatlons in the cross sec-
tion have been repre_sented;n the form of .sloping lines. The errors due
te counting statistics have not been shown fo;' the sake e_f simplicity but
are given in Table II. The pfoten and deuteron data can be distinguished
by the slope of. the lines, the pro’tonv data having positive :slope.

" The energy and energy uncertainty of the incident beam have
been inferred solely from the range position and range 'uncer.fainty of the
elastic peak. No account has Been taken of the effect of the angular mis-
placement of the counter telescope, which would increase the uncertainty
in the beam energy by several percent. There appears to be no way of
‘deducing the beam energy more accurately in view of this uncertamty in
the angle of the counter telescope.

- The two values of the cross section which were obtained by -
the method of making a coincidence between the sCatfered and reéoil

partieles are given at the bottom of Table II.
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APPENDIX I

Calculated Shape of the Elastic Range Spectrum

"Although one can obtain a cross section valué from the range
spect_ruin of ‘an-é'l"asfic peak’ without consideration of the shape of the
‘spectrum, it'is nevé'r'theleé's' interesting to try to account for that shape.
The various contributing factors will now be considered in some detail

" for the particular laboratory-scattering angle of 15 degrees.

' I. Angular Resolution ‘ ‘

The geometry of the two slits (see Figure 3) looking at the
gas target at a nominal angle, 0, allows the detection of pﬁrticles scat-
tered between angles 8 - Aa and 0 + Aa with a probability density N(0).
which is in.general an equal éided trapezoid. In the special case of
equal slits the distribution is an equilateral triangle. Mathematically

-the distribution can be considered as the fold of two rectaﬁgular windows.
Because the angular interval, 2Aa, for this exp'eriment is relatively
. small, and the energy of the scattered particles is essentially linear in

0 over such an interval, one may also con-

N(E). -For_ siinilar reasons the distribution
in range, N(R), will differ only slightly from

the above form. (A negligible correction to

the trapezoidal shape has been neglected in

0-Aa 0 " 0+Aa the form of a cscO term which varies but
o |  little over the angular interval used.z) At
0 =15 degrees the distribution corresponds to the fold of two rectangular
windows of 14. 2 and 12: 8 mg/cm2 aluminum half width for the geometry

employed.

. sider this as being the distribution in energy, .
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II. Range Resolution of the Differential C ounter Telescope

‘Scattered particles, after pass1ng

through the two slits, are detected only if

It has been mentioned elsewhere liow this

| : :

| . - their range lies between-some R and R + AR.
|

I

R AR R R AR ' range interval functions as a window fhrough
-—— + .

, Z ‘which the range spectrum is observed, and
that the resolution half width in this experiment has been determined to

‘be 3.34 mg/cm? aluminum.

II1. Energy Spread in the Inc1dent Proton Beam

The geometry used in deﬂectlng and collimating the 1nc1dent
beam, together with the »1nherent energy dispersion of the beam, deter-
mines the 'distributiori in energy of particles arriving at the target.
Having no knowledge about the 1nherent energy dispersion, one can do
little better than to as sume a flat d1str1but10n between the mraximum
limits determined by the geometry alone

vdeflectlon magnet _ - From the figure it can be seen that
Ap sin @ ¥ pAQ

Henee,
AE _ 2AP _ 2Ap _ 2A0
E - P P - »sin e

Using the relation, R = kE®, where n=1.75

/o . | AR '-AE_ZnAO'
The geometry determines @ to be 0.0016
radians,- from which the half width of the

" rectangular distribution is found to be ap-

— proximately 10 'mg/cm? aluminum for the

10 mg/cmz_ protons scattered at:15 degrees.

The fact that the beam is of finite extent upon entering the deflection
magnet, that the collimator aperture is circular rather than rectangular,
and that the beam has inherent dispersion have not been taken into ac-

count. The result is only a crude approximation.
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IV. * Raﬂgegzstf:aggling in the Absorbers

The range distribution due tb'-_straggling in the absorbers has
- been assumed to be gaussian and the Vstandard_ deviation has been taken
from the computed values of Caldwell. 27 For protons scattered at 15
degrees, stopped to the end of their range, the standard deviation, o,

2 aluminum. ,

- is 14.3 mg/cm
The above contributions to the shape of the resultant range
spectrum of the elastic peak are believed to be the only significant ones

of this experiment. The combining of the individual factors has been

performed byAsucces'sive folding operations which are defined as follows:

The fold of a distribution function g(x) with a resolution function, £(x'),
is given by. ‘ ' ) |

<o 0

G(s) = J g(x) f(s-x) dx = [ gle-x) f(x") dx’

-0 -0 .
In the special case where the resoiution function is symmetrical, the

fold can be written as a simple overlap integral

G(s) = fo g(s+x") £(x") dx"
Zo ‘

In order to simplify the calculations, the contribution of pa_ifagraph II
has been neglected in comparison to that of the other contributions.
The resuitant normalized fold of three rectangular windows, of half
widths a, b, and c, together with a gaussian of standard deviation, o
is given below (subject to the conditions: a2 b 2¢c, cZ2a -b, o2 0).
This function is plotted in Figure 7 for the case of protons scattered at
15 degrees,. i.e. for a =14. 2, b=12.8, ¢ =10, and 0= 14. 3 v(mg/cm2
Al). The experimental data taken on two different days have been
normalized and plotted for comparison. The fit is close but evidently
‘some width is lacking in the theoretical curve. In view of the consid-
erations about the energy spread in the beam, the lack of a better fit

is not surprising.

3
2
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,NOI:m,alized fold of three rectangular ‘"'windows" and & gaussian:
Window half:-widths: a Zb 2 <, ~where c >-‘~“ax - b
Gaussian standard dev1at10n o" 0 ” B

The fold is given by the sum of all the terms below,

=X&
B e’-z&Z' |
where ¢ = ==
yew
Limits for x/o‘ Term
at+b+c-y
— —_————

TEEITEE [02 + (av+b"7C7Y)Z]J¢ dx

o mm—— —

atb-c-y

o-. "
: 31—3.15 (afb'Y)j‘bggf"'
T a-btc-y -
K3 Tt o |
ek (e anbren?] [ o 45
-atbtc-y
d' - == .
155;;—[(a+b+c) -2(a +b2+c )- -y ]J’¢
a-b-c-y v
o— T ~
Tespe [8be - % - (a-b-cty)?] f =
-atb-c-y ,
— —_
dx
T (a*b*Y’f‘i’ a3
-a-b4+c-y
=TT
romme [ PHawmie?] [0 S
-a-b-c-y
St ————

plus thé expression which appears on the following page: '
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APPENDIX 1II

Formulae of the Elastic Collision Dynamics

The follow1ng equations can'be derived using the conserva-
tion laws of energy and momentum and the Lorentz transformation. The
equations are relat1v1st1cally correct and it is readily seen that their non-
relat1v1st1c limits are sufficient for. the purposes of this experiment.

' Definition of variables.

Ml’ " Ma'ss' of incident partieie in;'energy units

M,, Mass of target particle in energy units

a = MI/M

e', Scatter1ng angle in the center of mass syst’em

‘0, Scattermg angle in the laboratory systern
b, . Reccul angle in the laboratory system

Q, Solid angle. . _

T,,» Kinetic energy of incident particle before

coll1s1on
Tlf’ .K1net1c energy of 1nc1dent particle after
colllslon
-T‘?_f, K1net1c energy of target particle after
'coll1s1on ‘
E=T+M = 'I"otalr energy
The target part1c1e 1s taken as being at rest in the laboratory

system before the collision.. The relations among some of the variables

~are shown in the figure below.




-35-

Lorentz transformation véfia‘.blés .
(TI..Z +-2 Mj Tl)l/,z. o
Ty + M, ¥+ M,

T1+M1+M2

-(l-B)'l/Z

< .
l

[ZM T, +(M1+M2) ]1/2

'

2
" Energy available in_.the.center:of mass -s-ystemt

2:1/2 1/2
[ZMZT +(M1+M ]/ [(Ml) +(M2) Zr2Mm, B

T, =E,'"-M - M,

2

T T : T
1 1 - ‘.1@‘»'2+ 1 T -
l+a ~2M, (1 +a)” 2 (MZ) (1+a) :
Velocity variables in the center of rhas:s system.

1/2
(Tl +2M1 1)/
M (1+4.1)+T1

BZ' =g ﬁf =.

a[z M2 Tl + (M1 ¥ MZ)Z ]1/2

YZ' =y L

-also, let 0,* = Bp_%,l_- = Tl + Ml (1 + 0)

where, limita* =a

a.s_Tl._""9 0

‘Energy relations after the collision.

= [32 ’yz M2 (1 -cos9') - : o e

28 Ty (1 - cos O [1 e where K207

- 1-2 K) ( :rl/zml) - 2a
 +4a)? 1+2K (T1/2M1)

Tig =T) - Ty
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Angular relations (relativistic).

sin 0' tan & = S0 o'
’ tan ¢ = KV, (1 - cos 87)

- tan @ = ya* ¥ cos M

. cos Q' = than 4’-1 -a%- yztan20+[1 -4-(3,_‘1*2)Y tan 0]1/2
5 ¢ ”'Ytan 4,.,.1“. ) 1+y2tan20 .

dQ' = sin 0" do’ [sin'2 o + y (cos O' +a*)’ ] 3/2
dy ~ sin odo — Y +a¥cos 0V)

“'.'dQ' _sin0'4d0' _ 4 yz- cos ¢
2 sin¢ dé (cos‘Z ¢+ yz sin® ¢)2

do! _ sin® @' + yz (cos 0! + ;zq*)?
o’ Y(1+a*cos 0')

,d.o'-__',_;.' 2N |
@ ¢(1+v van 9)

Angular relations (non-relativistic),

sin 0'  _ s1n2¢

tan 0 = a ¥cos O © a-cosZ¢

sin Q' -ctoi
T-cesor - 7

il

tan ¢

cos ' = - cos zq; = cos 0 (1 -,;d,_; sin-; _0)1/2 - '»c),v‘sin‘2 [+

(1+a2+2ucos 0¥z
1 +d cos OV i

(l+a)?-4dacos®¢ _ (1L+a?+2acos 0l
1+d-2dcos2¢ - ',,li'-;q,'cos.()"-

dQ'
ao
- dQ! '
s = 4cos¢
4@, |
dg?
do-
do'

o

= -2
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FIGURE CAPTIONS

Bombardment geometry.
Eleétronics,,
Solid angle gec>m'etry° _
. (a) Top view of the geometr'.y‘deﬁning slit system
with respect to the beam.
(b) Side view of the slit system (for 0 = 90 'degrre‘es)‘.

(c) Enlarged side view illustrating the integrétion for
the correction to the solid angle due to the finite
size of the beam. ‘

Diagram showing the energy in Mev given up to the counters for
protons ending their range in various parts of the counter system.

Partial plateau characteristics of the differential range counter.

(a) Range resolution, in mg/cm? aluminum equiva-
lent, vs. discriminator bias setting, in energy
units, of the first counter for a given bias set-
ting on the second counter. - N

{b) Similarly for the second counter.

Contour plot of the range resolution, AR, of the differential range
counter, for zero discriminator bias of the anti-counter and equal
over-all amplifications.

Comparison of the calculated shape of the elastic peak range spec-
trum with the experimental data for @ =15 degrees.

(a) Shape due to geometry defining slit system o'nly.‘
(b) Cadlculated shape. ‘

A -
(c) Superimposed experimental data of two different
- measurements at @ =15 degrees, with the back-
ground subtracted out. -

(a) Position of the geometry defining slit system with
respect to the scattering chamber.

(b) Schematic for the calculation of the error due to
an angular misplacement of the counter telescope
by an amount 50. - -

Graphical representation of the experimental cross section data in
millibarns per steridian vs. the center of mass scattering angle,
0'. The sloping lines represent the variation in the values of the
cross section due to the uncertainty in the angular position of the
counter telescope.
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(a)
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Fig. 3
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Fig. 8
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'TABLE CARTIONS

Relative variation of do/dQ for a one degree variation of the labo-

ratory angle, and the equ1va1ent center of mass angle variation,

Experimental data.

I,'
807,
Column
method.

1. Center of mass scatterlng angle, QV

The correspond1ng laboratory angle, Q and. the

: part1c1e for wh1ch the elastlc peak was observed

6.

. :D1f£erent1a1 cross sectlon in m1111barns per

steridian,

4. Percent error, due to counting statistics only.

. The angular resolution half width in'the center.

of mass system, as determ1ned by the geometry
defining slit system Aa'.

The energy of the incident beam as 1nferred from
the range position of the elastic peak.

At the bottom of the table is the data obtained by the ceinciden‘ce
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Pro_tqns -

. 0295
.0221
.0191
.0179
0177
.0179
.0185
.0191
.0201

. TABLE 1

st

. 49
. 47

. 38
.33

.22

.45
. 42

.28

.08

o'

150

135

120
105

90

75
60

Deuterons

- g(dofdQ')
~dofda’

O 0o 0o 0o 0o © o

. 0307
. 0240
.0222
. 0225
. 0244
. 0281
. 0343

0"

'-Z;O
=2,0 -

-2,0

2.0

-2:0
-2.0
-2.0

Y

. A
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TABLE II
Experimei’ntal Data

NN WM AW b WU vV 00O IV IV N N N NN e e e

Q' (CM) 0 (Lab). do/dQ‘ Percent Aa' E, 2AE
(deg.) . (deg.) (mb.) Statistics (deg.)  (Mev)
22.4 15.0-p 58.5 2.7 4.22  31.1 0.
57.6 2.6 , 31.0 0.
33.5 . 22.5-p 49.6 3.0 4. 16 31.2 0.
| 47.3 2.6 31.3 0.
44,5 30.0-p 37.6 2.1 4.10 30.3 0.
' : 36.4 2.1 30. 3 0.
55.2 . 37.5-p 29.3 3.7 4.02 30.8 0.
: ' 29.7 2.5 31.5 0.
31.8 2.2 31.7 0.
60.0 60.0-d 23.5 9.4% 7.16  31.6 1.
65.7 45.0-p 19.2 2.7 3.91 31,2 0.
- 19.0 2.8 : 31.2 0.
75.0 - 52.5-d 14. 5 2,8 5.66 31.0 0.
75.9 52.5-p  12.7 3.4 3,77 - 31.2 0.
85.7 60.0-p 9.86 - 4.0 3.62 31.3 0.
1 90.0 45,0-d 8.02 3.6 7. 16 30.7 0.
o 8. 14 3.5 5.66 30. 3 1.
| 10. 2 4.2 | 30.9 0.
95.0 67.5-p 6.55 6.5 3.45 31. 1 0.
105.0 - 37.5-d 5.49 4.6 5.66 - 31.3 0.
- » 5.05 4,3 32.0 0.
, 4.84 4.0 32.4 0.
112.2 82.5-p 2.33 6.9 3.06  30.2 0.
120.0  30.0-d 2.93 4,2~ 5.66 30.0 0.
o "2.70 6.4 - 29.8 0.
135.0 22.5-d 2.20 8.3 - 5.66 31.2 0.
, "2.10 10. 8 | - 31.3 0.
150. 0 15.0-d 8. 82 4.4 5.66 30.9 0.
9. 20 4.3 31.0 0.
Coincidence data: :
80.0 55. 6-p 1.4 2.9 3,76
' 50, 0-d | o
90.0 63.4-p 8.72 3.6 3.59
' 45.0-d _ : _

% Includes unusual background error as mentioned in text.



