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INCLUSIVE PROTON SPECTRA AND

TOTAL REACTION CROSS SECTIONS FOR

PROTON-NUCLEUS SCATTERING AT 800 MeV

by

John Alexander

ABSTRACT

Current applications of multiple scattering theory to describe

the elastic scattering of medium energy protons from nuclei have Deen

shown to be quite successful in reproducing the experimental cross

sections. These calculations use the impulse approximation, wherein

the scattering from individual nucleons in the nucleus is described by

the scatering amplitude for a free nucleon. Such an approximation

restricts the inelastic channels to those initiated by nucleon-nucleon

scattering.

As a first step in determining the nature of p + nucleus

scattering at 800 MeV, both total reaction cross sections and (p,p'j

inclusive cross sections were measured and compared to the free p + p

cross sections. We conclude that as much as 65 % of all reactions in a

nucleus proceed from interactions with a single nucleon in the nucleus,

and that the impulse approximation is a good starting point for a

microscopic descripton of p + nucleus interactions at 800 HeV.



CHAPTER I

INTRODUCTION

The internucleon spacing in nuclear matter is about 1.3 fm, and

the deBroglie wavelength of an 800 tleV proton is 1.5 fm. This

information suggests that 800 MeV p + nucleus elastic scattering data

should be sensitive to the one-body density of the target nucleus;

(1-A)
several multiple scattering theories attempt to describe

quantitatively the scattering process in terms of the fundamental

proton-nucleon interactions.

Current multiple scattering theory is an outgrowth of earlier

attempts to explain the scattering of elementary particles from complex

nuclei. Due to the partial transparency of the nucleus to low energy

(5)
neutrons, a theory was developed which considered the projectile as

incident on a sphere of material characterized by an absorption

coefficient and an index of refraction. Such an "optical" model

provides good agreement with data for projectiles whose wavelength is

significantly longer than the internucleon distances.

For projectiles having wavelengths shorter than internucleon

spacings, the earliest attempt to obtain a microscopic theory of

(6,7)
scattering resulted in the Impulse Approximation of Chew . The

assumptions under which the model is valid are that the scattering

takes place on a single nucleon, and that the distortion and binding

effects of the nuclear mediun are negligible. Binding corrections and
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Figure 1.1: Differential cross sections for 800 MeV proton scattering
from (a.)li!'i3C, (b.) ^oaPb, and (c.><*u'"2'-'f'I'8C. Ihe curves
are those obtained with the microscopic optical potential of KMT.



nultiple scattering terms were later Introduced as refinements to the

theory.

(1-3)
Watson married the optical model with the impulse

approximation, showing rigorously how to construct an optical potential

from the single scattering amplitudes. Such a construction provided

the theoretical justification for the use of an optical potential

calculated from nucleon-nucleon scattering amplitudes and the ground

(8)
state density distribution. Kerraan, IlcManus, and Thaler

reformulated the Watson expansion in a form more readily suited to the

use of "free" nucleon-nucleon amplitudes. Figure 1.1 shows the success

of the KMT cheery in describing 800 MeV p + nucleus elastic scattering

(13,23,25)
from various nuclei

Both the KMT and Watson Multiple Scattering theories solve the

Schrodinger equation in integral form

+ GVA y+ , ( l . i )

where & projects out antisymmetrized states and

G = (E - Ho - HA + i E) ,

by defining a scattering matrix T such that

TJ = VV . (1.2)

With this definition Equation 1.1 becomes



T » V + VGAT . (1.3)

The KMT approach involves defining a single scattering operator

(1

where tj is the amplitude for scattering froo the i nucleon, ;̂i

is defined such that

A
Z v . = Av - V

Using the definitions in Equations 1 . U and 1.5 in 1.3, and iterating

1.3, gives

T = At + (A-l)tCAT . (i.i-

To c a s t the problem in a proper \*i ppnann-Schwinger f-irra, the TI l i : •

o p e r a t o r T ' i s de f ined

s o t h a t E q u a t i o n ( 1 . 6 ) becomes

T' - ( A - l ) t + (A-l)tGAT' . ( 1 . 8 J



From Equation (1.3) it is desired to provide an optical potential U

such that

T = U + UGPT (.1.9)

where the operator P projects out tho elastic states only, and its

complementary operator Q projects out only inelastic =r:.es. Of course

P + 0 = A - (1.10)

\li th T' as given in Equation (1.8) the corresponding requirenent for

the optical potential is

T' = U' + U'PGT' . (1.11)

Solving Equation (1.8) for T' and substituting into (1.11) gives

L" = (A-J)t + (A-l)U'GQt . yl.il)

The treatment up to this point is exact, and if the microscopic

single scattering amplitudes defined in Equation 1.4 were known, the

optical potential could be constructed. Unfortunately these amplitudes

which describe the proton-nucleon interaction in nuclear matter are not

known, and practical calculations approxinate these amplitudes with

free nucleon-nucleon amplitudes, and the series in (1.12) i s truncated

at sone point. The use of free p + p and p + n amplitudes in place of



t constitutes the Impulse approximation in the context of multiple

scattering theory.

One Important consequence of the use of the impulse

approximation Is that, within th<; context of the theory, all reactions

(9-11)
must evolve from quasi-free doorways . In other words only

quasi-elastic and quasi-free pion production mechanisms are allowed to

initiate the process leading to reactions. Qearly unless these t-«rc.

processes account for a substantial portion of the physical reaction

cross section, the theory will be inadequate.

As a first step in determining the nature of the 800 .'.*•'

p + nucleus reaction mechanism, both total reaction cross sections ai>a

(p,p') inclusive spectra at forward angles were measured.

Chapter II describes the experiments, while Chapter III

contains a description of the data analysis. Finally Chapter LV

contains a comparison of the total reaction cross sections wic'

angle-integrated Inclusive (p,p') cros sections, and with predictions

(35)
give-n by KMT calculations

We tentatively conclude that two—nucleon processes account ;r.r

about 80% of the 800 MeV p + nucleus total reaction cross section, anc

that the impulse approximation appears to be a good starting point f̂ r

microscopic calculations of p •+ nucleus observables at 800 MeV.



CHAPTER I I

EXPERIMENTAL ARRANGEMENT

3oth experiments were done using the High Resolut ion

Spectrometer a t the Los Alamos Meson Physics F a c i l i t y . A b r i e f

d e s c r i p t i o n of the bean l i ne and spectroraeter system i s given in

Sect ion A; Experiment 470 "React ive Content of the Opt ica l P o t e n t i a l "

i s ful ly descr ibed in Sect ion 3; and Sect ion C desc r ibes Experiment 386

"Total Reaction Cross Sect ions for p + Nucle i" .

A. BEAM L INE AND SPECTROMETER

(12;

The LA.'tPF LI.'.'AC has be ti extensively described elsewhere

Briefly, both K and H ions are accelerated to 750 keV by separate

Cockroft-Walton injectors at which point they are passed to the seconu

stage or Alvarez section (drift tube), where they are accelerated to

100 MeV. The third stage, the- side-coupled cavity section, then

accelerates the ions to 800 MeV.

Cnce the final velocity of 0.84c has been reached, the H + and

H beams are separated by a dipole magnet and each proceeds to

different experimental areas. Line A takes the H' to several ueson

production targets, thence to a bean dump. Line X accepts the H~ beam

wherein it is focussed and steered onto a stripper. At the stripper a

fraction of the H~ ions are relieved of their electrons then bent via a

dipole into Linp C (see Figure 2.1). The unstripped H~ continues to

other experimental areas.
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Blanpied has given a good description of the Line C bean

(13)
optics , The beam line basically consists of three sections:

dispersion, tvJster, and matching. ihe beam is dispersed in the

horizontal plane by a pair of dipole magnets. Beam phase space is then

rotated 90° by a set of five quadrupoles. Additional quadrupoles are

then used to provide a beam on target whose dispersion is matched to

that of the HRS tor operation in the energy-loss mode.

The HRS is a Quadrupole-Dipole-Dipole (QDD) system mounted in a

(14)
vertical plane . Ihe optics provide parallel-to-point focussing in

the non-dispersion direction (y) and point-to-point focussing in the

dispersion (x) direction. Proper dispersion matching between the line

C optics and the HRS optics ensures that (apart from the kineraatical

— ) all scattered particles having the same energy loss at the target
d 9

will be focussed at the sane transverse coordinate (x) on the focal

plane. For a narrow bean in the y direction, the focal plane

coordinate ir 'he non-dispersion (y) direction is proportional to the

scattering angle.

A schematic of the HRS focal plane detection system is shown in

Figure 2.2. Counters Cl through C6 are delay-line (DL) and drift

chambers (DC's) which provide position and angle information; Sl-SA are

scintillators which give pulse height and tine-of-flight information,

and provide the "event" trigger. Ihe detection system is designed for

a wide variety of purposes and only portions of it were used in these

experiments.
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Distance from

Detector M*terl>l Slre(cm) F o o l Pline(cni)

51 Pilot B 76.2 * 1.27 * 0.64 68.6

52 Pilot F 77.5 x 10.B x 0.64 119.4

53 KE110 106.7 * 14.0 « 0.95 259.1

54 NE110 106.7 « J4.0 « 0.95 274.3

* ; s ' e 2.1 : Spec i f i ca t ions o f event s c i n t i i l a t o r georretn'e1;

•jzcd in F.xperiner.t 470.

12



t he energy l o s t In the s>c i n t i 1 l a t o r , which i s p r o p o r t i o n a l to -i—
' P

TTius paficles having different masses or charges can be distinguished.

I Figure 2.2 Ci and C6 are "delay ,-.-' i.) chambers which

proviue i i-format ion redun .. r to C2-C5, "drift" ch-'-bers. 'Consequently

Cl and C6 wer~ not us- •• .his experiment. Each o* .ie four drift

chambers used contains a pair of planes for x information, and a pair

for y information. The design and construction of these detectors has
(i5,16)

been discussed extensively in the literature , and only a

qualitative description is gi/en here.

A schematic representation of a plane is shown in Figrre 1. i.

Alternating anode and cathode wires are spaced 4 D Q apart, with anuiic

wires attached at regular intervals to a delay line, and cathode wires

bussed together and grounded. Each physical unit (slacked x-pltine,

y-plane, x-plane, y-plane) is covered with .GUI" aluninized Mylar. A

mixture of Argon, CCK, nethylal, and isobutane in the chamber serves as

an ionizing nediin; i.e., a charged particle traversing a plane -ill

produce ion-electron pairs which are accelerated to their respective

wires. Electrons in the vicinity of the anode will cascade, providing

a signal on the order of a few millivolts which passes in both

directions down the delay line. The arrival tines of these signals aro

ti = td + n Z-t ,

where tj is the drift tine in the gas, n is the nunber of wire

13
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intervals between the left edge and the event wire, and At is the delay

interval of each wire space; and

r. 2 = td + ( i-n) Lt ,

where I is the total number of wire intervals between the left and

right edges. The tine difference

t - t . = 2nLt - KLX.

reveals the event w i r e , while the tine sun

t . +

yields the drift ti:ae t j . In both quantities the constant m t can be

treated as an offset and removed either in hardware with a p p r o p r i a t e

delays, or in software. Thus the tine difference locates the event to

- 4 nn, and the tiue sin is used to interpolate from inert.

Figure 2.4a is a spectrum of tine difference showing discrete wire

positions; Figure 2.4b shows a drift spectrum of t + t . These data

were taken by illuminating the focal plane unifornly. Note that a

constant drift velocity would result in a flat drift spec trim out to

4 no , and zero fron there out. Nonlinearities as in Figure 2.4b are

accomodated by generating a look-up table which gives the drift time to

position conversion in increments of ~ 0.1 mm.

15
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There is one ambiguity remaining in the location of the event:

did the event >ccur to the left or the right of the anode? Here enters

the reason for placing two s-y pairs in each physical unit. By

locating the event to within this arabiguity in two planes which are

offset by k nin, four possible combinations can be formed: (left,left),

(left,right), (right,left), and (right,right). One of these

combinations will minimize the difference between the two positions,

and that one is chosen.

Once accurate positions in all chambers are known, it is a

sinple geometric problem to generate the variables of int rest at the

focal plane : (x,, ŷ  , 0,, w ) , where t>, i s the angle in the dispersion

plane and $>, is the angle in the non-dispersion plane. These four

quantities along with the inverse transport matrix and dipole field

settings are sufficient to determine the properties of the scattering

event. In particular the quantity

P s P

yields the momentum of the event (po) relative to the spectrometer

central momentum ^PSD^» known from the field settings. The

relationships between the quantities are given by

17



0.00 0.00 -0.0644 0.1906

0.7471 -0.8125 0.0818 0.0007

-0.0229 0.0409 -5.0249 -0.1654

0.0555 0.0002 0.00 0.00

where the subscript t refers to the target coordinates, and f refers to

focal plane coordinates. Higher order corrections are contained in A.

Fron the above i t can be seen that the major elements in the physical

terras are <y u , ) , <$tl
vf>> arid <0|x^>. Finally, from this last

quantity the dispersion of the HRS i s 18.02 cm/%.

Ihe calculation of physical quantities in terms of focal plane

information is done in software (see Chapter I I I ) . Thus the statement

in the preceding paragraph that "once accurate positions in al l

chambers are known..." implies that the outputs of various electronic

modules are passed to a computer for analysis. This is accomplished by

(17,18)
CAJ1AC

Raw scint i l lator and drift chamber signals are transmitted from

the HRS focal plane to the Area C Counting House (CCH). There the HRS

trigger (SI*S2*S3#S4) is made and used as the common start to CAI1AC

time-to-digital converters (Tl>C's). Discrininated chamber signals are

used as stops to yield t i and t^ discussed above. Signals from S2 and

S3 are used as stops to give time-of-flight. Also raw S3 and S4

signals are fed to CAMAC analog-to-dir ial converters (ADC's) for the

pulse-height information used in particle identification. The outputs

of these CAtlAC modules are 8-bit words which are written to magnetic



tape via a PDP-11/45 computer. A total of 38 data words, containing

time and pulse height information, are written for each event.

_B^ EXPERIMENT 4 70: "REACTIVE CONTENT 0£ THE OPTICAL POTENTIAL"

This experiment took place in two parts because of scheduling

and bean-quality considerations. During December 1979, a mechanical

problem developed in the sliding vacuun seal of the HRS scattering

chamber which was deemed irreparable until after the holiday season.

So the scattering chamber was isolated from the upstream beaa line

vacuum and from the downstrean spectrometer vacuun by .UlU" Mylar

windows. To reduce multiple scattering effects the scattering cnanber

was purged with Helium. Of course this had devastating effects on the

obtainable momentum resolution and rendered the facility unusable for

many purposes. However the resolution requirements of Experiment 470

were no more than one in 1U . Further, spurious scattering events

associated with the Helium could be accomodated by re-taking a partial

set of data at a later date with good vacuum. So the experimtnt ran

for approximately 10 days in December 1979 (Cycle -'5, , and another 5

days in March 1980 (Cycle 26).

Figure 2.5 is a schematic drawing showing the major components

of the experiment. Protons with 800 !IeV kinetic energy entered the

scattering chamber from Line C and scattered from the tar^t. Only a

_ 4

small fraction of the beam was scattered ( ~10~ ), with the majority

continuing on to a beam current monitor, thence to the beam stop. The

bean current monitor ( IC ) was an Ion Chamber consisting of several

19
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Figure 2.5: Schematic drawing of the experimental arrangement in
Experiment 470.



conducting plates imbedded in a gas raediun (ArCO,,), so that the plates

collected the ionization current caused by the passage of a fast

charged particle. This current was integrated, and the integral was

written to tape for each run. Protons scattered from che target at the

proper angle entered the HRS, where they were monentun analyzed and

detected at the focal plane.

During Cycle 25 a target of liquid hydrogen was moulted in the

HRS scattering chamber, and data were taken with the spectrometer at

laboratory angles of 11°, 15°, 20°, 25°, and 30°. Upon completion of

these data runs the cryogenic target was removed and targets of CH^,

CD2,
 l 2C, 40Ca, 90Zr, ir.d 208Pb were mound on the standard HRS target

wheol. Data from these targets were taken at laboratory angles of 5 ,

11°, 15°, and 20°. As stated earlier, all the Cycle 25 data were

acquired with the scattering chamber full of Heliun. A more or less

complete set of data were taken with no target in the beam to gauge the

effects of multiple scattering from the Heliun.

In Cycle 26 targets of the same isotopes were mounted on the

target wheel and data were taken at laboratory angles of 5°, 11°, and

20°. All these data were acquired with the scattering chaaber

evacuated to a pressure of < 10"^ torr. Once again a few data points

were recorded with no target in <-.he team to check for background

effects. In all over 1100 separate runs averaging about 15,000 events

each were taken. An "event", «ts used here, refers to the 38 data words

describing TDC and ADC outputs from the wire chambers and

scintillators.

21



Initially at each angle the HRS fields were set to detect

protons elastlcally scattered from H; i.e. field settings

corresponding to p + p kinematics. At these settings typically 10,000

events from each target were recorded (except LH2), giving the yield at

the quasi-elastic peak. The liquid hydrogen runs consisted of 25 K

events, giving the p + p elastic yield. Background runs lasted until

the total integrated beam current was that of an average target-in run.

Then the HRS fields were decreased to the values for a proton of about

100 Mev/c lower momentum, and the series of targets was run through

again. As the momentum of protons at the focal plane was decreased,

multiple scattering and energy loss in the scintillators resulted in an

increased Inefficiency of the HRS trigger. Therefore the definition of

the HRS trigger was changed from S1*S2*S3*SA to S1«S2»S3 at

~850 HeV/c, then to SI «S2 at ~ 400 MeV/c. Overlap data were taken at

points 100 MeV/c above and below these values to assure consistency.

This process was continued until the outgoing proton's kinetic energy

was so low as to preclude reliable counting efficiency (50 MeV). A

synopsis of the data runs by target, angle and momentum is given in

Appendix A.

C^ EXPERIMENT 386: TOTAL REACTION CROSS SECTIONS

Experiment 386 was an absolute measurement of the attenuation

of an 800 MeV proton beam by nuclei, and as such was greatly different

from the usual experiment carried out at the HRS. The extraction of

total reaction cross sections from this attenuation will be described



in Chapter III, but here we wish to point out the experimental

situation. None of the standard HRS data acquisition system, focal

plane detectors, or beam monitors were used. In fact the HKS itself

was used only as a focussing lens for 800 MeV protons.

Ihe experimental arrangement if showu in Figure 2.6. Two .Ulu"

thick scintillation counters upstream of the target, SI and S2, counted

the beam particles incident on the target. S3 was a scincillator of

the same thickness, with a — " hole drilled in it which served as a
8

veto for the beam halo. A small drift chamber, Cl, acted as a beam

profile monitor. The construction and operation of this chamber is

described in Appendix 3. SA was a veto counter located 11.bi"

downstream of the target with a 1" hole, defining a solid angle of

1.03 msr. With the HRS set at 0°, S5 and S6 were mounted on the focal

plane to intercept 800 MeV protons scattered inside the l.uJ msr veto

counter. The two focal plane counters were overlapped as shown, and

the HRS fields were set to put the 800 MeV peaK just below the overlap

region. Thus S5 intercepted transmitted beam particles and the

straggling tail down to ~ 3.5 MeV loss.

A certain fraction of the beam was scatteied outside the region

of acceptance (defined by the 1" hole in t>4) by the upstream counters

as well as by the target. Consequently target-in runs were compared to

target-out runs to determine the scattering by the target alone. but

due to the sensitivity of the absolute measurement to systematic

effects, the time between target-in and target-out had to be kept to a

minimum. For this and other reasons the CAMAC electronics modules were

23
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Figure 2.6: Schematic drawing of the experimental arrangement in
Experiment 386.



used to change the target configuration every 60 seconds. (Actually

the cycle time was chosen at the beginning of each run, but 60 seconds

was eventually used as a standard.) A FORTRAN program was written to

accumulate various logical combinations of the counter pulses (see

below) for a given time, then cease acquisition while the target

rotated out of the bean. While the target wheel was moving,

accumulated data were written to disk and the CA."1AC sealers were

cleared. When the target reached its "full out" position, a bit was

set in the CAI1AC electronics, which had the effect of stopping the

target rotation and re-starting the accumulation of data. At the end

of the next tint period data acquisition again ceased, accumulated data

were written as "target-out" data, and the target was rotated back to

"full in". So any systematic fluctuations in bean quality or intensity

were a/eraged between target-in and target-out. Further, suspect data

could be thrown out without the loss of a large body of it.

Counters SI, S2, S3, and Cl were mounted on a bean scanne:

which allowed them to be moved independently of the rest of the

apparatus. These counters were optically aligned and mounted to a

common assembly, which was then attached rigidly to a beam scarier.

The scanner had a pair of stepping motors which drove worm gears,

providing linear translation of the counter assembly in the t-v

directions perpendicular to the beam. The stepping motors were

controlled from inside CCM, and positional readout was supplied there

via sliding potentiometers on the scanner. Thus the upstrean counter
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set could be noved Independently and reproduclbly up-down and

laft-right to locate the beam.

In order to accurately extract the total reaction cross section

frcn the attenuation measured In the experiment, it was necessary to

know the precise angular span of the S4 veto. As seen in Figure 2.7,

for a point beam profile one may assune that all particles scattered

outside an angle 6 are not counted, and those scattered inside b are

counted. A beam of finite extent, d in Figure 2.7, complicates this

assumption: some particles inside 6. (but outside b) are counted, and

some particles outside 6, (but inside b) arc. not counted. Therefore

the spatial extent of the beam was critical to the accuracy of the

experiment.

The Line C beam optics were tuned to provide a minimally

dispersed beam on the target. Once a good tune of Line C was obtained,

a phosphor target was put In the scattering chamber and the beam was

visually steered onto the crosshairs on the target. Gollimator jaws

CL04 and CL05 (see Figure 2.1) were used to cue the size of the bean

down to less than 1 mm sqare, then an upstream jaw, CL01, was adjusted

to cut the beam current down to a countable level. With CLO4 and CLO5

fixed at a small aperture, drifting in the upstream magnets did not

affect the size or location of the beam on the target. The beam

profile was then measured by taking a drift time spectrum in Cl, and

was found to be gaussian in shape with ~ 0.5 mm FW1C1. Ihe beam profile

was checked periodically with Cl.
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A similar source of error in the determination of the solid

angle can arise if the beam does not travel precisely through the

centers of S3 and S4. These counters were centered in the following

way: Both S4 and the scanner box containing SI, S2, S3, and Cl were

mounted on the target table in the scattering chamber. This table can

be rotated from inside CCH, with its angular position relative to some

arbitrary reference indicated on a digital readout. With the scanner

box lowered below the bean, the target table was rotated left until the

beam hit the right edge of the hole :ln SA. The process was reversed to

locate the left edge of the hole. The two values of the table's

angular position were averaged and the table was moved to that angle.

Une C Steering flagnet 6Y (see Figure 2.1) was used to bend the bean

vertically, and the currents through the magnet corresponding to the

top and bottom of the hole were recorded. The mean of these values

located the bean at the center of S4. With the target table and

LC-SS16Y set to their proper values, the scanner box was moved up-dowi,,

and right-left to center the hole in S3 about the beam. Thus the line

defined by the centers of the two holes was colinear with the beam.

A schematic diagram of the electronics used in the experiment

is shown in Figure 2.8. Signals from all scintlllators were first

discriminated in either Lecroy Research Systems Model 621 or 821

leading edge discriminators. Thresholds were set to - 30 tnv and output

pulse widths set to 10 ns. Some outputs from these units were further

discriminated so their output pulses could be independently widened for

use as vetoes in logic units. For example, an output from the S3
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discr iminator was fed again to a LRS 821 where i t s output width was set

to 40 ns and used as a veto into the LRS 365ALP to give SI-S3. An

output of t h i s unit was fed to a LRS 322A coincidence r e g i s t e r along

with the discriminated output of S2 to give Sl«S2«S3, or BEAM. Ihe

discriminated output of SA was s imilar ly widened and used as a veto to

BEAM in a LRS 364AL. Then BEAM'S4 was joined with the discriminated S5

s ignal to form BEAM«S4»S5, or EVENT. As the i r names imply, 3EA;l

represented those protons incident on the t a rge t , and EVEMT represented

BEAM p a r t i c l e s which scat tered inside the 1" hole in S4 and were

transmitted through the HRS to S5.

As in any coincidence measurement the p o s s i b i l i t y ex i s t s to

count a " t rue" coincidence ( e . g . a beam pa r t i c l e ) when in fact an

"acc identa l" coincidence ( e . g . two unrelated cosmic rays) has occured.

ihese accidenta ls are assumed to be uncorrelated in time, so by

delaying one of the coincident pair one gets a measure of the

probab i l i ty of accidental overlap of the two s igna l s , I . e .

A *B « t rue

A«dld B = accidental

However if one knows (or suspects) that most of the singles in either

counter come from true coincidences, the above method will overestimate

the rate of accidentals. In this case the measure of the number of

accidentals should be restricted, specifically how many events are

counted as coincidences that are not true coincidences. This may be
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accomplished by forming A-B and forming a coincidence between this and

a delayed signal from B:

(A'B)'dld B = accidental .

This was the situation in Experiment 386, so accidentals were

dealt with in this way. The discrininated signal frou SI was widened

to 40 ns and used as a veto to the discrininated signal of S2 in a

LRS 465 logic unit. The output of that unit, SI -S2, was thus

guaranteed not to be a bean particle. This signal was delayed and fed

to a LRS 322 coincidence unit with SI'53. The output of that unit was

BEAM ACCIDENTALS. Similarly to form EVE:.T ACCIDENTALS, part of the

definition of EVENT, BEA.'1'SA, was widened and used as a veto to the

rest of the definition, S5, yielding an S3 event corresponding to no

BEAM particle. This signal forned a coincidence with a delayed BEAM*S4

signal in a LRS 365AL to give EVENT ACCIDENTALS. Accidental

coincidences between S4 and BEAI1 were forned in a similar nanner. This

last quantity gave a treasure of the accidental vetoing of a good EVE:»'T

by S4.

Most of the information described here was scaled, noted

the electronic diagram. The outputs of these various nodules were

-1.7 v pulses which were connected to 12-channel CAI1AC 24-bit sealers.

At the end of each "target-in" and "target-out" cycle Che accumulated

counts in these units was written to disk via the FORTRAN program

EXP386, and the sealers were cleared.
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CrtAPTEri III

ANALYSIS <J_r_ TiiM DATA

A . EXPERIMENT -Wtj : K K A C H V h CUNTh.VT Of 1:\i. u P f K ' A L PuTEWTlAL

T h e o f f - l i n t - a n a l y s i s of t h e i ! ; i U t ruia L x p e r t i a e n t <*7u W J S d o n e

( 1 9 , 2 0 ;
u s i n g t h e s t a n d a r d MRS d a t a a c q u i s i t i o n sy=>U:.i " u " i n a " h u s t

P r o c e s s " mode. Th i s sys t em c o n s i s t s of t h r t c .aajor c o m p o n e n t s : an

ANALYZER, a DISPLAY pacKdjit:, and a:1. ALLTcST p a c k a g e . The Ai.'ALYZEK i s

p r i m a r i l y r e s p o n s i b l e f o r c o n v t r l i ; : ^ the irf t a p e d words c o n t a i n i n g t ime

and p u l s e - h e i g h t i n f o r a , ; t iun i : u o p t . y b i c a l q u a n t i t i e s sucn a s

( x j , Uj-, Vj , $f) and ( u t , v L , y t , u ; . fne A:.ALYZLK d l s o c a l l s a r e l a t i v i s t i c

k i n e m a t i c s s u h r o u t i n e KlNk£L t o c o r r e c t fo r t ue r e c o i l of t h e t a r g e t

n u c l e u s , a r r i v i n g a t t he H i s s i n g i a s s . OT c o u r s e t h e s e q u a n t i t i e s a r e

c o m p l i c a t e d f u n c t i o n s <jt t i . nes and p u l s e n e i g t i t s , so in tiie p r o c e s s o t

c a l c u l a t i n g them n.inv othc-r i n Lei ;ned i a t v q u a n t i t i e s a r e a l : :o

c a l c u l a t e d . In a l l t h e ANALYZEK t ' fno ra f e s -IVIM zuu LIATA w'UKUi) which

can be d i s p l a y e d o r used in t h e A L I . I . J S T pact-'agt..

The DISPLAY p a c k a g e , DSr1 , pr-r.ait? the c r e a t i o n of

one-d i a e n s i o n a l h i s t o g r a i a . s , t h e f i " . 1 , r e t r i e v a l and p l o t t i n g or t h e s e

h i s t o g r a m s , and t h e d y n a m i c a l d i s p i a v of t w o - d i . a e n s i o n a l s c a t t e r p l o t t

a s d a t a a r e a c q u i r e d . The u s e r can s p e c i f y which DATA WURj i s t o be

p l o t t e d , a t e s t t o be p a s s e d f o r e n t r y t o t h e h i s t o g r a m , and d i s p l a y

p a r a m e t e r s . DSP i s t h e r e f o r e c l o s e l y l i n k e d t o t h e A.NALY/LK and t o

ALLTEST. In a d d i t i o n one may use c u r s o r s on d i s p l a y e d data to d e f i n e



the limits of GATES and BOXES, which are in turn writcen as tests to

the ALLTEST package.

ALLTEST is a subroutine to the ANALYZEK which allows the user

to perform tests on raw and calculated JATA WUKDb (.'IICKuTEaTS; or on

logical combinations of previous tests (MACKuTtbTSj. A MltJKu.it.:>I

specifies a bit pattern or upper/lower limits on the value ot a jAin

WORD (including the limits defined in (JAlt and tSUA commands to

displayed data ) . A MACKuTEST specifies logical combinations ot

previous MICRO- or MACRO-TESTS or their complement (A..J, OR, tXn-tJSIv C

OR). Tests are defined in tiie lest Descriptor File (see Appendix cj

which is written in a clear and concise format to facilitate tne

evolution of off-line replay of tne experiment. Through the Test File

one can easily tighten or loosen tne definition of a "good" event,

define a restricted region of the focal plane, or change r'articlu

Identification limits. The Test" File for Experiment -W'j was us»eii to

count protons scattered into a solid angle <̂i and momentum interval _p

(Test 76) to arrive at the double-differential cross section. t̂i.er

tests were used to determine the focal plane efficiency, solt.jrt

efficiency, and normalization of the data.

A.I: The Differential Cross Sect ion

In scattering experiuents the number of particles scattered

into a solid angle L\l is proportional to the beam rlux, the size of i^,.,

and the number of scatterers intercepting the beam:
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N. •ti-i-n . . (J.I;

The constant of proportionality o(fa) is the dirfeiential cross section

and

O((J)'&" = do(b) (J-^J

so that

do(b) dN- •. ,, „

For elastic and inelastic scattering to discrete final states tuis u

the quantity of interest, and beam particles which leave the nucleus in

discrete states are easily identified and cuiited with a spectrometer

such as the HKS. However scattering to tie "ontinuuu doL-> ;ut rebult

in outgoing protons with discrete en^r^y losses- In rliis region tnc

scattering yield into a solid angle d><. and moment us interval up is

dN = 0(6,p) •Nb-ns«A^.£.p , (3.^;

and by analogy with Equation 3.2

0(8,p) -iii-ip = d^o(6,p) (3.i>)

so that the quantity of interest is



d2o(e,P) _ da
— . (3*0)

du dp Nb#n s 'Aii«ip

Determination of the r ight side is the object of the experiment.

A.2: NORMALIZATION

Since the ( p , p ' ) i n e l a s t i c spectra for exc i t a t ions g rea te r than

about 160 MeV are s t ruc tu re l e s s over the momentum acceptance of the riRS

(—— = ±1.2 %), and because the angle- integrated ( p , p ' ) cross sect ions
P

—- are s t ruc tu re l e s s over the sol id-angle acceptance of the riKS
d"

(A6 = ± 1° in the plane of scattering), the full phase space acceptance

of the HRS was used for each HKS angle-field setting to generate a

single data point for the relative —.
diadp

However the raornentuu-solid angle, acceptance function of tne

spectroneter is not uniform over the entire focal plane, so that a

technique had to be devised to obtain the absolute cross sections.

This technique, described below, involved using a small region at the

center of the focal plane, where the acceptance is uniform, to

do *
cross-normalize some of the ———- data to ri (p,p) elastic scattering

data obtained during the course of the experiment. Since the elsastic

H (p,p) cross sections are known, the absolute cross sections for
diidp

were easily obtained for the restricted angle-momentum acceptance runs.

Then it was simply a matter of scaling the relative — data obtained
diidp

with the full acceptance, to obtain the absolute cross sections.
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Figure 3.1, obtained using a CĤ j target with the HRS at 13° and

fields set for H (p,p) elastic scattering, shows a scatter plot of

events at the focal plane as a function of dispersion coordinate and

scattering angle. The diagonal line of events corresponds to protons

elastically scattered from the H in the CH . The angle-position

correlation is due to the large kinematical — ( -9.4 MeV/deg) at this
d 0

angle. Box 7 in the figure was used as a test to constrain the

scattering angle to the central 0.3° accepted by the HKS. Because of

the large , Box 7 also effectively restricts the focal plane
d 6

dispersion coordinate to - 2.1 cm (the focal plane is 60 cm in this

direction). The H (p,p) events passing the Box 7 test occur over a

central region of the focal plane (~ 0.7 % of t .ie full acceptance) for

which the relative momentum-solid angle acceptance is known to be

uniform.
For H (p,p) elastic scattering we have

K*NB7-CF

where NB7 is the number of counts in Box 7, CF accounts for trie

efficiencies of the drift chambers relative to the event trigger, IC is

a relative current monitor, and n is the areal density of scattering

centers in the target. Thus the normalization constant K accounts for

the gain of the ion chamber, the overall trigger efficiency, and the

size of AS2 defined by Box 7. Since-^ for 800 MeV Si (p,p) elastic
ail

(22)
scattering is known , K can be calculated.



In order to obtain an absulute normalization for th<_- data,
Qjidp

Box 8 (Figure 3.1) was used in the test file to define the same angle

limits as Box 7, but a dispersion direction region corresponding to the

region indirectly defined by Box 7 for the *H (p,p) data. bince :iie

trajectory's dispersion coordinate on the center of the focal plane is

linear with dispersion

xf = D • 6 = i)

where D is the dispersion, p s p is the momentum corresponding t-j the

optic axis for given HRS field settings, and p o is the aorjentaa ol t;.e

trajectory. Therefore

so that

GO K. * L) N D O * L»

d i o l p A x . , u I C » n « r
Boxb s '

where NBii i s the number of counts in Box a. Since K i s known irus. cue

HH (p,p) ana lys i s , absolute double-different ia l cross sections

obtained. Ibwever Box 8 se lec t s only a small fraction of the events

detected at the focal plane, so tne absolute normalization runs were
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considerably longer than those runs for which most of ttie focal plane

was used to obtain the relative

Box y, shown in Kigure 3.2, was used to obtain the relative

double-differential cross sections for all of the runs. As stated

earlier, is a smooth function of both momentum and angL , ana
diiap

varies l i t t l e over the momentum- and soiid angle-acceptance or tne MKS,

so that a factor A c,in be used to cross-normalize the iJox y thrived

relative cross sections to tiie box 8 derived aDsolute cross sections

obtained from the normalization runs:

Nisy-U K'b Sbb'CF
A . K . n •;> _xu I O n 'p

s • sp Boxfc s *sp

Thus

N lib
A *~

X ^
DOXO

Tiiese Boxcl - Boxy noriaai iza t ion runs -'ere udde in tne rt-j;iu:i

b(JO MeV/c < p < lijo'u MeC/c wliere tlie cross section is suuotnest. /;.e

resul t s for several angles and targets were s t a t i s t i c a l l y a v e r a ^ J .

The final expression to be used in calculating is then

d d p

d o A 'K'NBd »CK

ic«n «
s *
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The HRS a c c e p t a n c e i s a f u n c t i o n of beam-on- t a rge t widtn in the

n o n - d i s p e r s i o n d i r e c t i o n . For tnir . t a r g e t s the r eg ion of uniform

accep t ance i s about - — en in the d i r e c t i o n t r a n s v e r s e to the opt.iL

a x i s of the HKS. Since the bearo-on- target widtn i s t y p i c a l l y u - s s tiid,-.

- — cm, no problems a r e e n c o u n t e r e d .

However for th b cm c y l i n d r i c a l LH^ t a r g e t lsed dur ing

Cycle Zb, the beam- ta rge t volume was b cm long in the beaii O i r t c t i u n ,

so t ha t the " e f f e c t i v e " t a r g e t thicKneSb been Dy the nt<i> ( .f igure J . J ;

v a r i e d wi th s p e c t r o m e t e r a n g l e . Therefore dur ing the L « ^ runs n \.\,,\.i

e l a s t i c were a l s o taKen a t each angler u s ing a s o l i d Cn, t a r g e t , and uie

n o r m a l i z a t i o n of t n i b b< . l id - t a rge t da ta made i t posb ib l e tu . I U U J I I ! . : ^ r

the v a r ' " t i o n in the e t l e c t i v e t a r g e t u u c u n e s s ul the 1 i ^ u i u - u r 6 c t

d a t a . The CH d a t a were normal ized us ing the ilox 7 ~ecUnique deb^r iDea

above.

F i n a l l y i t i s to be noted t ha t the IC g a i n ua: d i l l e r e n t ;.jr

the two running c y c l e s . Since n o r m a l i z a t i o n da t a us ing the ^n^ t a r g e t

were o b t a i n e d for both Cycles 2 ; and Hi, the d i f f e r e n t lu.i <_na;r.Der

g a i n s p r e s e n t e d no proLlera. .-vi a t u r t h e r checK ot the n u r a d l i z d t i o i ,

e l a s t i c s c a t t e r i n g da t a were taken for p + Pb a t c , . = 3 d u r i n g

Cycle 26, and conifjared to the da t a of Hoffmann et a i . The t~-o

n o r m a l i z a t i o n s thus got agreed to w i t h i n 1 '=.
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A.3 BACKGROUNDS

The scheme ou t l i ned above assumes t n a t the s c a t t e r i n g i s from a

pure target. In fact, however, protons scattered from impurities in

the targets, Heliun in the scattering chamber, and tne LHZ target tlatit

were also detected. It was necessary tu subtract such events from tiie

data in order to arrive at meaningful results. Further, extraction of

l
H ( p , p ' > i n e l a s t i c informat ion frou da ta obtained using the Cii^ t a r g e t

requi red tha t s c a t t e r i n g trom ' C be accounted for .

For a l l t a r g e t s , inc lud ing i-rt<., t a r g e t - i n and t a r g e t - o u t

measurements were :nade to determine the DacKground c o n t r i b u t i o n . for

the LH runs the background uue to the Mylar f l a sk was t y p i c a l l y 5 A.

For the s o l i d - t a r g e t data obtained dur .ng Cycle 2b, tne Helium in the

s c a t t e r i n g chamber con t r ibu ted between 3 •= and Zu /i to the t o t a l y i e l d .

Background dur ing Cyclo ^b were t y p i c a l l y b /..

Ex t r ac t i on or tne H ( p , p ' ) c ros s s e c t i o n s t r o a CH^ c r o s s

s e c t i o n s was a s i n i l a r e x e r c i s e :

CF * Nriy *CF * .•.By 'CF *

IC-n,.,, "

where the * i n d i c a t e s tha t backgrounds have been s u b t r a c t e d . Then
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«0

One more adjustment to the Ca data was made. Figure 3.A is a

spectrum of protons elasticaliy scattered from the "*uCa target at 5°.

The second peak seen corresponds to protons elastically scattered from

a lighter nucleus, in this case an 'b0 contaminant. Since data were

not taken on I b0, no definitive number was available to be subtracted,

so the assumption was made that

A'"'

based on total reaction cross section measurements. Then

, d z o . ..
ld~7d~J^c '

and the ^Ca data were adjusted accordingly.

A.A: Uncertainties

Aside from statistical uncertainties in the data and

backgrounds, there are three sources of uncertainties in the results:

target thickness, the derivation of A in Lquation 3.12, and overall

normalization of the data.

The target thicknesses were known to 2 X, and this error is

included as an uncertainty in n .

s
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The error in the determination of A by Equation 3.12 is

By calculating A for different angles and targets, several values (-,'itii

errors) were obtained and statistically averaged. Tne distribution of

A's had a A^ of 0.7, so calculation of the errors Dy purely statistical

means may have overestimated them slightly. These quantities were

nonetheless used in the reported results.

The assumption that generates Equation 3.fi, namely that o is

linear in x^, does have some inherent error, but these higher order

terms in 6 are ~ 0.4 7. and so were ignored.

Apart from the above uncertainties, the uncertainty in the

overall normalization of the data depends on the uncertainty associated

with the data used Co determine the absolute norinalizat i on. Beth tlie

tiOO MeV p + p and p + Pb elastic data used for this i;or:aalizatiou

have quoted uncertainties of 5 %.

A.5: RESULTS

The results of the experiment are shown in Figures 3.5-J.y, and

in Appendix A. Also shown in the figures are the (renonnalized) aata

(24)
of Chrien, .££ £1. for the quasi-elastic region. 'Die data obtained

in this experiment and the Chrien data have absolute normalizations

which differ by from 11 % to 25 %, depending on target and angle.
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B̂ _ EXPERIMENT 386: TOTAL REACTION CROSS SECUONS

b .1: The At tenuation Cross Section

In the off-line analysis of the Experiment Stib data tiie

attenuation cross section was calculated from the recorded data, aiiu

reaction cross sections were calculated rroin the attenuation cross

sections. The attenuation of a particle beam by a target of density ̂

is described by

N = No« e ~
p a x , <3. iy>

where No i s the number of beam p a r t i c l e s , N i s the number of par t icle.-.

t r ansmi t t ed through the t a r g e t , x i s the t a r g e t t h i c k n e s s , and o is tin-

a t t e n u a t i o n c ross s e c t i o n . This experiment was performed with counter-,

upstream of the t a r g e t , and they s c a t t e r e d — 0.3/i of the Deam. In u . . t

those counters s c a t t e r e d a f r a c t i o n of the beam tha t was on the o ro j r

of the f r a c t i o n s c a t t e r e d by the t a r g e t s . ignor ing !„ arid i as t i e

beam and t r ansmi t t ed p a r t i c l e s , r e s p e c t i v e l y , with no t a rge t in t.i-

beam; and I Q a n d I a s those q u a n t i t i e s with tlie ta rget in the beau

i = i o e ~ p c ° c x c , ( 3 . 2 L J

I > I o e " ( p c ° c x c + PA°AXA> , (3 .21)

where the subscript A refers to the target nucleus, and c to the

counters. Then the attenuation cross section due only to the target is
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than 0.1 mb, or a contribution to the reaction cross section of around

one part in 101*.

B.3b Straggling: The s t raggl ing of the beam in both the upstream

counters and in the target can cause a fraction of the transmitted beam

to miss the EVENT detector S5; i . e . those par t i c les degraded by more

than ~ 3.5 MeV wi l l be bent by the KRS away from S i . Of course,

s t raggl ing wi l l not affect the counted BEAM, IQ and i Q , so denoting trie

measured quan t i t i e s with primes,

I = I ' + l s t r g l (3 .2 - ;

i = i ' -*" i s t r g l (3 . J5 ;

where I g t r e l ^ s t r g l ^ * s t ^ i e portion of the transmitted beata n j :

counted due to straggling in SI, SZ, and the target (SI and SZ only; .

Since pax is small ( <.01 ) , Equation (3.22) can be written

s
oA = —
" px

where

S = [{--J-J
o o

Then
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o. ~ —
A px

With no target in the beam the fraction lost, cs, is due only to to t

scintillators SI and S2

and with the target in the beam the fraction lost is due to botn tin.-

scintillators SI and Si (c ) and to the target Cc^)

Rl
 = ( c s + c t H o • n " Ju'

So Equation 3.28 becomes

o. = — (S' - c.) (3.J1)
rt px c

and the fractional error in oA due to straggling loss is

°A

Calculations of the straggling tail to energy losses greater

than about 3.5 MeV were made using the program LANDAU, based on the

(28)
theory of Vavilov . An uncertainty of 35 inb was calculated for the

208 Cf.

Pb target. For the other targets -^- < -01 •



in

Accidentals, as discussed in Chapter II, were subtracted from I o, I,

iQ, and i before calculating S.

B.2: Reaction Cross Section

The transmitted particles in I consisted of unscd l ter<.-<j bear.,

particles, and particles scattered both elastically and inelastleally

inside the solid angle it defined DV the downstreaui veto counter i>-<.

There are few inelastic events at U°, and most of those were Dent uy

the HRS awav fran the EVENT counter S5. Ttierefore

d oel

The problem of accurately extracting reaction cross sections t roi.-.

attenuation cross sections, then, is that of knowing the elastic cross

sections outside W, and of knowing u.

tor the nuclei discussed here the elastic cross sections have

(13,25,23)
been measured to an accuracy of 5 % in the angular range

2°< e^gb < 22°, at which point they have dropped by a facto: of ~ K ° .

The contribution to the integral for angles outside 22° was therefore

negligible.
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The veto counter SA defined an azimuthal angle of ~ 1°, so

there remained a small region inside 2° for which the elastic cross

section had to be calculated. The Optical Model fitting routine

RELOMN was used to calculate that cross section for 1 °<

The calculated cross sections were constrained to fit the data for

2° < b <10 , and since the b < 2 region is dominated by Coulomb

scattering, the calculated values were considered more than sufficient.

B.3: Systematic Errors and Correct ions

One must consider three possible corrections to the extraction

of reaction cross sections as oulined in the scheme above: itielasti.es

transmitted to the EVENT counter S5, straggling, and Multiple Coulomb

Scattering. The contribution made by these processes to ttie reaction

cross section will be discussed here. Further, possible '.ouroes ot

error associated with the uncertainty in the measurement of ^,

uncertainties in the known elastic cross sections, and statist.cdl

uncertainties will also be discussed.

B.3a Forward Inelastics: The correction due to forward-scattered

inelastic events was negligible. One uas to consider only protons

scattered at angles less than 1° to states of Ex < 3.5 ileV in tne

target nucleus: in k0Ca the (0+,3.35); and in ^ObPb the (3~,2.t>l) anj

(13,27)
(5 ,3.20). Data for these reactions are available only for

angles greater than ~ A°, so estimating their contribution for tlie

range 0°< e <1° by the cross section at 4°, one obtains values less
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B.3c Multiple Coulomb Scattering: Coulomb scattering is part of the

elastic cross section and is accommodated in Equation 3.24. Multiple

Coulomb scattering, on the other hand, is a stochastic process which

involves repeated small angle scattering, and is equivalent to a

diffusion in the plane of b. Single scattering events to angles

outside 12 are properly included in the elastic cross section, Dut

multiple scattering events to those angles are not. The angular

distribution of multiply scattered events, based on the expansiuns

(29) (30)
presented by Bethe and Scott , was determined using the progra..i

MOLIER. Multiple Coulomb scattering to angles greater than -1°

contributed about 50 mb to the measured attenuation for fb, or about.

3 'A of the reaction cross section. Assuming the currection is accurate

to 10 X, an additional U.3 % uncertainty is added to the uncertainty in

the lead cross section. For the other nuclei reported, Doth ttie

correction and the uncertainty are negligible. The MOLltK results are

presented in Table 3.1.

B.3d Uncertainties: Uncertainties in the deterninat ion of i. give rise-

to an uncertainty in the amount of elastic cross section to subtract

from the attenuation cross section. First, there is the question ol

the size of the veto counter SA. The diameter of this hole was

measured to an accuracy of ~ .010", resulting in an angular uncertainty

of 0.01°. The contribution of this error to the reaction cross section

depends on the shape of the elastic cross section in the vicinity ot

1°. For the worst case, that of ^obPb, the elastic cross section is

about 2.3xl0b nb/sr, so an uncertainty of 0.01' results in an error of
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2 30 mb. A second source of error due to >l is the position of the be;un

relative to the center of the hole in SA. The process of locating the

center of that hole was carried out twice, about 4o hours apart, and

the results were repeated exactly. Since the position was read to

- 0.01°, it seems safe to assume that this location was Known to

±U.03°; such an error contributes less than 1U mb to the integral of

the elastic cross section for ^obPb, less for the other nuclei.

Target thicknesses were assumed accurate to 2 /<>.

Another source of error in the extraction of the reaction cross

sections is the error in the known elastic cross sections

Error bars on these data are ~ 5/i, and contribute to the reaction cross

sections differently for different nuclei. For example, there is an

uncertainty in the X^C reaction cross section of ~ 5 nib due to the b/°

error in the elastic, whereas rhe 5/i translates to ~130 ub in *UtlFij.

From the expression 3.22 for o. statistical uncertainties are

6o. = «o( i . (i.ii)
px T i T i

o o

The statistical uncertainty of the quantity in parentheses results

entirely from 61 and 6i, since I Q and iQ measure the beau, whereas I

and i represent, to some accuracy, the effect of a probabilistic

process on the beam. Then
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Finally with

one has

j A
61 - I I (1 - — J J2 (3.35;

6i = [ i (1 - — J \i (3.
o

, _ J_,l _ 1 1 _ \ ±
6°A " pxll I" i i \l • (3.37;

o °

From this final expression it can be seen that the scattering by the

upstream detectors contributes to the uncertainty on an equal footing

with the scattering by the target, indicating the advisibility of using

the thinnest possible BtAM counters. (Note the expressions (i.Sb) and

(3.36) seem somewhat different frora those commonly used in scattering

experiments. The apparent difference arises from an approxiaation

normally employed to reduce a Binomial distribution to a Foissun

(31) r-
distribution , so that AN = /N. 'Ihe assumption in the approximation

is that the probability deduced is small. Such is not the case in a

transmission experiment, since — ~ 1.)

B.4: RESULTS

The extracted tctal reaction cross sections and various

contributions to their errors are presented in Table 3.1.
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Target

Contr ibut ions (mb)
d oet

t ics Stat

Uncertainties

do e l

4.9

in. 2

128.

7.5

22.5

8'1.

ncs

5

(nib)

Stragl Hi.

—

- -

32

°R ~

278 -

622 i

1836 1

-R

9.3

32 *

212
1

l b
* I n c l u d e s a c o r r e c t i o n of 98 - 4 mb due to 0 c o n t a m i n a n t .

TAliLE 3 . 1 : Contr i but ions .in<l imce r t a i n t i e s in the c a l c u l a t i o n of t o t a l
r e a c t i o n c r o s s s e c t i o n s (o^) ns d i s c u s s e d in the t e x t .



CHAPTER IV

SUMMARY AND CONCLUSIONS

Ihe experiments described in the preceding chapters were

carried out to provide data which test the main assumption used in

practical applications of multiple scattering theory: use of the

impulse approximation. The effect of this approximation is to restrict

the allowed reaction channels to those initiated by nucleon-nucleon

collisions: nucleon knockout and quasi-free pion production. In order

to provide a basis for comparison with p + nucleus data, a complete set

of p + p inclusive cross sections was obtained. A discussion of the

H(p,p') data is given in Section A. Section B presents the

p + nucleus data, and Section C discusses the conclusions that can be

drawn from the data.

_Aj_ THE HYDROGEN SPECTRUM

Figure 3.5 shows the inelastic H (p,p') spectrum at lab angles

up to 30°. This spectrum corresponds almost entirely to single pion

production. At 800 MeV the process of single pion production proceeds

3 3
primarily through the p-wave resonance ij0 (J = —, T = — ) , and has been

(33,3A)
explained most successfully in terras of One Pion Exchange (OPE)

Iherefore the diagrams assuned to contribute to the H (p,p') inelastic

spectrum are those shown in Figure 4.1.
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Figure 4 . 1 ; The One-Pion-Exchange diagrams for p + p scattering.
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The shape of the inelastic H(p,p') spectra can be understood

as two peaks superposed on one another: a broad peak, extending fron

pion production r1 f<jshold (Ex = 140 lleV) down to p = 0, which

corresponds to the spectrum of protons from the decay of the £33

resonance (diagrams (a) and (c), Figure 4.1); and a second, narrower

peak which represents protons recoiling fron the A33 (diagrams (a) and

(b), Figure 4.1). These protons have a quasi-two-body kinematical

relation to p , and show up in the inelastic spectrun as a

Breit-Uigner shape centered at Ex = 3 00 MeV and FWHM H 100 MeV.

Finally, the experimental yield can be estimated by assuming

that the cross section for NN + Hi i s given by o.. Calculating the

Clebsch-Gordan coefficients for the addition of isospin gives o = -o

o^ = yya£. and 0"c = T-°£> where oa, 0^, and oc are the cross sections

for diagrams (a), (b), and (c) in Figure 4.1. Thus reaction (c) is

counted in the broad A break-up peak, reaction (b) shows up in the

quasi-two-body Breit-Wigner peak, and reaction (a), a two-proton final

state, is counted twice. Therefore integration of the spectra in

Figure 3.5 over angle and momentum will overcount the total inelastic

cross section by the amount contributed by diagram (a), or —a.. Such

an integration yields 23 ±2 nb, which is expected to be —ofi> so that o^

is 19.7 ±2 mb.

The cross section for H (p,p) elastic scattering measured

during this experiment is shown as open circles in Figure 4.2. The

data were normalized to the small angle data of Wriekat. Integration
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of the e l a s t i c data yields o ^ = 25.1 ± 1.2 mb. From this

i n t e r p r e t a t i o n one concludes *:hat oT(p+p) = o . + ofi = 44.8 : 2,3 cb.

The experimental yield from a p + n experiment can be s imilar ly

evaluated by assuming the contr ibut ing diagrams in Figure 4 . 3 . The

scat tered proton in diagram (a) has a quasi-two-body kinenat i^al

r e l a t i o n s h i p , that in diagram (c) w i l l be counted in the broad

break-up region, and diagram (b) w i l l be counted twice. Diagran {d>

has no proton in the outgoing channel, so the contr ibut ion i t makes to

a. will be l o s t ; however i t s Clebsch-Gordan coeff ic ient i s equal i<-

that for diagram (b) (which i s over-counted), so the in tegra t ion over

angle and momentum wi l l yield the correct value of o . .
u

B: NUCLEAR INELASTIC SPECTRA

The inelastic spectra for p + nucleus scattering are shown in

Figures 3.6-3.9.. The outstanding feature of the spectral

distributions is their narked similarity to the p i- p spec trim,

indicating that nucleorrnucleon processes dominate highly inel ist.i.

p + nucleus scattering. At the large raonentin end of each spectrur. is

a peak corresponding to quasi-elastic nucleon-nucleon scattering. Ti.is

region has been Investigated at an incident proton energy of 8Uu 'Ac'-' by

(24)
Chrien et^ a_K , and their data are shown in the figures as o;>mt

squares. There is some discrepancy between Chrien's normalization and

ours, as discussed in Chapter III. The points shown conform to che

normalization of this experiment.
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Figure 4.3 ; The One-Pi on-Exchange diagrams for p + n scattering.
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At outgoing momenta lower than that of the deep minimum in the

spectra, the same structure can be seen for p + nucleus scattering as

for p + p scattering. Because of this similarity of shape and

position, these lower moraentun data are assumed to be the result of

quasi-free A-production. The similarity between the p+ p inelastic

spectrum and the p + nucleus highly inelastic spectra deteriorates for

heavier nuclei: whereas the p+ H data are essentially identical to

the p + p data (except for a scale factor), the p + Pb data resemble

/ u b

the p+ p data only at small scattering angles. Indeed, for Pb at

= 30° the cross section in Che quasi-free i> region increases

monotonically with decreasing p . Such behavior with increasing A

and 6. is to be expected, since the efiect of the nuclear nediun on

the outgoing proton grows with nuclear size (A) and with lower outgoing

momentun in the (A+l) - body center of mass.

Further evidence of tne dominance of nucleon-nucleon processes

in the highly inelastic nucleon-nucleus spectra is the kinenatical

relation of the prominent peaks seen, namely the quasi-elastic peak and

Breit-Wigner peak corresponding to a proton recoiling from a ^3i.

Figure 4.4 shows the iaoraentun corresponding to the center of these

peaks as a function of 6jab for C. While the distortion effects

referred to above inhibit an accurate determination of the peak

locations at the larger angles, comparison of the rough locations of

these prominences with the curves corresponding to p + p kinun^-ics and
12

p + C kinematics leads to the conclusion that the dominant processes

observed are between two nucleons.
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Thus the evidence is good that the cross sections for

p + nucleus scattering to very high energy losses are dominated by
i

p + nucleon processes. The data have been divided into two
d'tdp

regions, corresponding to quasi-elastic scattering and quasi-free pion

production, and integrated over momentum, giving the angular

d i s t r i b u t i o n s shown i n F i g u r e s 4 . 5 - 4 . 8 . E x t r a p o l a t i n g t h e — p o i n t s
d -*

out to 9. , = 60° (dashed line) and integrating over angle yields an

estinate of the total cross section for nucleon-nucleon processes in

nuclei. The results of this integration are given in Table 4.1, alon^

with the measured values for the total reaction cross section, and

Optical Model predictions for the total reaction cross section obtained
(35)

using the KMT microscopic optical potential

C: CONCLUSIONS:

The information in Table 4.1 indicates that as much as o i '. oi

the 800 IleV p + nucleus reaction cross section may be explained in

terms of nucleon-nucleon processes. However the conclusions to b«.-

drawn from the comparison of total reaction cross sections with the

angle- and raomentun-integrated are in general less obvious f^r the

4 0 iLUti Z 1Z jj'c

heavier nuclei ( Ca and Pb) than for H and C. First, the
d..dp

data for the heavier nuclei do not drop off as rapidly as the lighter

nuclei at snail outgoing momenta, so that the strength omi tted by

cutting off the integration at - 300 MeV/c is larger. And second, the

angular distributions that result from the momentum integration are

Dore sensitive to the particular extrapolation assuaed for angles
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Target

1
H

2
H

12

c
"°Ca

208
Pb

Quasi-elastic

25.1 i

8 7 1

208 i

294 ±

1.2

5

12

12

CROSS SECTION

Quasi - f ree -n

19.7

14.9

137

U 5

, 2 5

i 1.7

t 1.7

* 7

i 24

i 49

(rab)

Tota l

44.8 ±

224 i

54 3 i

1119 t

2 . 1

9

27

KJ1T

47.3

269

6 1 5

1800

Measured

„.

2 78 ±

b22 t

1 836 i

9

32

212

TABLE 4 . 1 : a > n t r { bu t Ions- of t h e i n t e g r a t e ! Qn.-is t - o l a s t i c r e g i o n
and t h e Q u a s i - f r e e p i o n p r o d u c t i o n r e g i o n t o t h e
r e a c t i o n c r o s s s e c t i o n . The KMT c a l c u l a t i o n i s from
R e f . 3 5. The t o t a l r e a c t i o n c r o s s s e c t i o n m e a s u r e d in
E x p e r i m e n t 386 ( d i s c u s s e d i n t h e t e x t ) i s a l s o g i v e n .
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greater than 30° in the lab. Alternately for H and C the integrated

cross section at momenta below ~ 300 MeV/c is snail, and the angular

distributions of both the quasi-elastic and the quasi-free pion

production regions are sufficiently small at 0. , = 30° to be

relatively insensitive to the extrapolation used to larger angles.

These problems, of course, can be accoraodated by measuring the

experimental cross sections to lower outgoing momenta and larger

angles. Such an experiment is scheduled in the coming months. However

providing this data will not make the association of that cross section

with nucleon-nucleon processes more apparent.

The basis for our conclusion that only nucleon-nucleon

reactions lead to the reaction cross section is the k.inematical

similarity between the p + nucleus data and the p + p data. Based on

(36)
this similarity for light nuclei the Quasi-free Doorway Model has

been discussed, in which the higher-multiplicity reactions are assumed

to evolve from an ini t ial nucleon-nucleon interaction. Predictions of

the C(p,p') spectra have been published for a plane-wave calculation.

Calculations which include the distorting effects of the nuclear nediun

ate currently underway. The ability of the theory to reproduce the

data for heavier nuclei will provide a good test of the Quasi-free

Doorway Model.
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D; SUMMARY

We have presented data for A(p,p')X inclusive cross sections at

800 MeV, and have attempted to associate those inclusive data with

nucleon-nucleon processes in nuclei. Such an association appears valid

for light nuclei, but is less obvious for heavier nuclei. Accordingly

we have found that as much as 80- 85 % of 800 MeV p + nucleus reactions

in light nuclei proceed from nucleon-nucleon interactions in the.

nucleus, supporting the use of the impulse approximation for practical

applications of Multiple Scattering theories. The case for heavier

nuclei must await further experimental and theoretical developments.
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APPENDIX A

SYNOPSIS OF DATA FOR EXPERIMENT A70

A synopsis of the data taken in Experiment 470 is given here.

Refer to the text for a further description of the analysis.

l a b

5°
5°
5°
5°
5°
5°
5°
5°
5°
5°
5°
11°
11°
11°
11°
11°
11°
11°
11°
11
11°
11°
11°
11°
11°
15°
15°
15°
•5°
15°
15°
15°
15°
15°
15°

P s P

350
400
480
680
780
880
980
1180
1260
1320
1380

350
400
450
550
650
750
850
950
1050
1120
1200
1240
1280
1350
340
380
453
527
601
676
752
829
898
975

n t g t

3
3
3
3
3
3,
3,
3,
3,
3,
3.

3.
3.
3.
3.
3 .
3 .
3 .
3 .
3 .
3 .
3 .
3 .
3.
3.

(nuclei/mb)

.98xl<r5

.98x10"5

.98x10"5

.98xlO~5

.98xlO"5

.98xl0~5

.98xlO"5

.98xlO"5

.98xiu~5

.98xlO"5

.98xl0"5

,98xlO"5

,98xlO~5

. 98x10"5

98xI0"5

98xlO"5

98xlO~5

98xl0"5

98xl0"5

98 10"b

98xlO"5

98xlO"5

98xlO"5

98xlO~5

98xl0"5

LH2
LH2
LH2
LH2
LH2
LH2
LH2
LH2
LH2
LH2

-j-j- (inb/sr/MeV/c)

.0119

.0168

.0324

.0559

.0680

.G<>86

.0985

.0823

.0110

.0036

.0000

.0130

.0202

.0237

.0356

.0432

.0588

.0607

.0743

.0747

.0674

.0280

.0022

.0000

.0180
.0104
.0139
.0178
.0262
.0322
.0366
.0417
.0473
.0565
.0604

t .0018
± .0024
± .0032
± .0046
± .0053
± .0060
t. .0071
x .0067
i- .0031
± .0030
i .0062
± .0019
± .0021
± .0026
± .0032
± .0035
± .0041
i .0046
± .0055
± .0057
± .0049
± .0028
± .0021
± .0030
± .0093
± .0006
± .0008
± .0011
± .0015
± .0019
± .0021
± .0025
± .0028
i .0033
± .0036
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Blab P sp n t g t (nuclei/mb)

2H (p.p')

cont'd
15°
15°
15°
15°
15°
15°
20°
20°
20°
20°
20°
20°
20°
25°
25°
25°
25°
25°
25°
25°
25°
30°
30°
30°
30°
30°
30°
30°
30°
30°

5°
5°
5°
5°
5°
5°
5°
5°
5°
5°
5°
5°
5°

1049
1125
1150
1176
1202
1229
340
380
464
601
860
1010
1160
340
380
480
630
780
930
1000
1080
340
375
426
550
700
850
925
1000
1067

350
400
480
580
680
780
880
980
1080
1180
1260
1320
1380

LH2

LI'2
LH2
LH2
LH2

LH2

LH2
LH2
LH2
LH2
LH2
LH2
LH2
LH2

LH2

LH^
LH2
LH2

LH2
LH2
LH2

LH2
LH2
L h i
LH2
LH2
LH2
LH2
LH2
LH2

3.58x10"^"
3.58x10"5

3.58xlO"5

3.58xlO"5

3.58x10" 5

3.58xl0~5

3.58xl0"5

3.58xlO"5

3.58xlO"5

3.58xlO"5

3,58xlO~5

3.58xlO~5

3.58xio~5

•f-p- (mb/sr/MeV/c)
dsiip

.0531

.0310

.0195

.0045

.0009

.0011
.0119
.0141
.01(25
.0219
.0334
.0237
.0009£
.0114
.0148
.0170
.0215
.0221
.0140
.0057
.00047
.0120
.013d
.0133
.0161
.0142
.0072
.0020
.00033
.0000

.020 ±

.026 i

.043 ±

.051 ±

.070 ±

.099 i

.098 ±

.144 i

.154 i

.102 i

.031 ±

.025 ±

.050 ±

£ .003.2
i .0019
i .0012
i .0003
2 .0002
± .0003
t .0015
t .001/
i .0010
2 .0013
i .0022
t .0014
> ± .00005
i .0007
± .0010
4 .0011
t .0013
i .0013
i .0009
± .0003

t .00003
t .0007
± .0008
± ,0008
i .0009
i .0008
± .0005
± .0002

± .00015
i .0003

.002

.003

.003

.004

.005

.006

.005

.008
.009
.007
• 004
.003
.007
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l a b n t g t (nuclei/mb)

2H ( p , p ' ) cont 'd
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°

15°
15°
15°
15°
15°
15°
15°
15°

20°
20°
20°
20°
2 0 °
20°
20°
20°
20°
2 0 °
20°
20°
2 0 °
30°
30°
30°
30°
30°
30°
30°
30°

350
400
450
550
650
750
850
950
1050
1120
1200
1240
1280
1350
1414

340
4 50
600
7 50
900
10 50
1200
1374

350
420
520
620
720
820
920
1020
1080
1120
1160
1230
1310

340
380
500
650
800
925
1001
1145

3. 58x10" 3

3.58xl0"5

3.58xlO"5

3.58xlO"b

3.58xl0"s

3.58xlO"b

3.58xlO"5

3.53xio"b

3.58*i(r b

3. 58x10" 5

3. 58x10"" ">
3.5dxi<rb

3.58xlO"b

3.53*10--
3 .58x lo" b

3. 58x10" b

3. SSxlO"^
3. 5 8 x l ( r b

J. 5ti*L0~b

3. 58*1 0"b

3. 58xi if s

3. 58x10" b

3. 58x10" 5

3. 58* H." b

3.53xlO"b

3.58*10"b

3. 58x10" b

3.58xl0"5

3. 58xlO"b

3.58xlO"b

3.58*l0"b

3.58x10-^-
3.58xl0~b

3.58xl0~5

3.58xlO"b

3.58xl0"b

3. 58x10" 5

3. 58x10" b

3.58xl0"5

3. 58x10" 5

3.58xiO"5

3.58xlO~5

3.58xl0~5

3.58xlO"5

dMp

.024 ±

.032 i

.031 z

.047 i

.063 i

.031 i

.075 i

.110 I

.116 1

.039 2

. 04« I
• U 2 J i
.017 i
.115 2

1.3oo i

.015 ±

.o3o i

. 0 5 3 ?

. i/7o x

.091 2

. 0 7 9 i

. 0 2 3 x
1.017 z

. 0 2 2 ±

.'.-29 ±

. 0 3 4 ±

. 0 4 0 ±

. 0 4 9 I

. 0 5 2 2

. 0 4 9 2

. 0 3 7 2

. 0 2 2 z

. 0 1 5 2

. 013 s.

.071 2

.534 2

.013 2

.018 ±

.021 1

. 02 9 ±

.021 ±

.015 +

. 0 1 5 ±

.131 ±

.003

.006

.004

.003

.004

.005

.00 5

.006
i n 7

. 0 0 /

. 00 5

.'jO'i

. 001

.003

.01 1

.060

. 002

.003

. 004

.'J'JJ

. 0 0 6

. 0 0 6

. 0 0 3
• ObU

.002

.002

.003

. ou3

.003

.0C3

.00 3

.003

.002

.002

.003

.006

.021

.003

.003

.002

.003

.002

.002

.002

.007
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l 2 C ( p . p ' )

6 l a b

5°
5°
5°
5°
5°
5°
5°
5°
5°
5°
5°
5°
5°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
15°
15°
15°
15°
15°
15°
15°
15°
20°
20°
20°
20°
20°
20°
20°
20°
20°

P s p

3 50
400
480
580
680
780
880
980
1080
1 180
1260
1320
1 330
3 50
400
4 50
550
650
7 50
850
950
1050
1120
1200
1240
1280
1350
1414

340
450
600
750
900
1050
1200
1374
350
420
520
620
720
820
920
1020
1080

n t t C nuc ] ei/nib)

8.73*10"°
8 .73*10" b

8. 7 3*10"b

8 . 7 i'l<~°

8 . 7 3 * 1 0 " °
8 . 7 3*10" b

8. 7 3*10" b

8. 7 3*10" b

8. 7 3 * 1 0 " b

8. 7 3*10" b

8 . 7 3 * 1 0 " °
8. 7 j x i o " b

8. 7 3*-l -~h

8. 7 3 x l O " b

8.73*10"°
8. 7 3*10"°
8. 7 3*10"°
8 .73*10" b

8. 7 3*10" b

8. 7 3*10" b

8.73*10"°
8. 7 . .x l0" b

6. 7 3*10" b

8. 7 3*10" °
8. 7 3x1 o~°
8. 7 3*1'J"°
b.73*10"°
3.73*10"°
2. 30*i0"°
2. 30*i0~b

2.30x]0"b

2. 30xl0"b

2.30x10"°
2.30x10"°
2.3OxlO~b

2.3OxlO"b

8.73xiO"b

8.73xlO"b

8. 7 3x10" b

8. 73x10"6

8. 73x10"6

8.73xlO"6

8.73xlO~b

8.73x10"°
8. 73x10"6

d ° ( - b
d.aip

.079 i

. lo.i i

. 1 31 -

. 173 i

.212 I
.241 i
. 2 7 5 ±

. 329 i

. 403 i

. 348 1

.184 z

. 17j i

.392 i

.101 ±

.108 i

. 1 3 '5 i

. 156 -
. 182 i
.204 *
.231 i
.240 i
. 263 :
.227 .t
. 1 5 2 ±
. 1 J 7 l
.158 i
.618 i

1.7u'J I
.084 t
. 115 i
.157 i
.186 i
.204 ±
.196 i
. 150 ±
.980 ±

.098 2

. 1 1 5 ±

. 1 2 9 ±
• i 41 -
. 146 ±
.149 ±
.149 ±
. 134 ±
.124 ± ,

• 0-J4

. 0 if.

. ' . . ' / 3

.0 i9

. 0 111

. 0 1 1

. 0 1 4

. j 1 7

. 0 1 4

. Ooo

. O ' J d

. >.' 1 6

. 0 0 -

. ' J ' J l>

. <<hf,

• O'-.'o

.009

.010

.01 1

.009

.O.jf>

. \ > < / ' >

.'j').

. 0 2 5

. 'JO -.

. O ' J b

.UOo

. oua

.01 .

. u : •

.010

.008

.048

.003

.006

.006

.007

.007

.007

.007

.007

.006



i2C ( p , p * )

" 0 ,!Ca ( p , p J

l a b

c o n t ' d

20°
20°
20°
20°
30°
30°
30°
30°
30°
30°
30°
30°

5°
5°
5°
3°
5°
5°
5°
5°
5°
5°
5°
5°
5°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
11°
15°
15°
15°
15°

P s p

112o
1 160
12 30
J 31 U

340
380
500
6 3 "
8oo
92 3
1 OOIJ

J !45

3 5o
- i : i'i

4oJ
5rt"
6 0 ' •

7H'.i
0 4 0

980
1080
1 l bo
1 2 6 "
1 320
1 380

3 50
400
4 50
550
650
750
850
950
1050
1120
1200
1240
1280
1350
1414
340
450
600
750

_
2
2
2
2

2
2

2
2
2
2
2
2
2
2
2,
2,
2,
2,
2,

7.
7.
7.
7.

8. 7 3 x l u b

8. 7 3 * 1 ' ~ b

8. - 3*lo~ b

8. 7 3*1 o - t -

2 . 3 o * l o ~ "
2 . 30x1 o ~ b

2 . 30x1 o" f a

2 . < o * l " ~ b

- . i . M ' f c

2 . 3 o » l o - b

2 . j ' j ' l ; " b

2. 30x1 r "

j . i 9 « ! r L

; . 1 9 * l o ~ b

:. i y x i i r b

: . i y * i i r b

;. i 9 x i o ~ b

:. i y * i i r b

!. 1 9 x l i ~ b

:. i 9 x i > r b

:. i y * i o ~ b

. 19 K 11 r L

. 1 9 x l o ~ b

. 1 9 * l o ~ b

. 1 9 x l o ~ b

. 1 9*lo~b

. 19xKr b

. 1 9 x l i r b

. 1 9 x j ( r f '

. 1 9 x i o ~ b

. 1 9 * 1 0 ~ b

. 19xlO" b

. 19xlO~b

. 19xlO" b

. 19x10" b

. 1 9 x ] 0 " b

. 19x lO~ b

. 19x10" b

. 1 9 x 1 0 " b

. 19xlO~b

,29xlO~ 7

, 29x lO" 7

,29xlO~ 7

,29xlO~7

- — — v. uu

d<«ip

. 133 i

. 169 i

. l i t ) !

. * - 9 -

. 0 / 7 2

.O!3(3 I

. 1 0 3 -

.11)0 2

. 0 9 9 -

. .'99 2

. i 1 6 2

. 0 0 7

. 008

. 0 1 6

. 0 2 1

. J O 5

. 0 06

. 0 0 3

. • / o 5

. ,'UJ

'' '.

. 3 1 o

. i'lh

. i o9

. ~>~b

. 5 ) 5

. - 4 9 )

. 5 7 3

. 7o~i

. 6 H H

. 3 3 7

. 3 00
. n-4 1

. 3 34

. 132

. 377

. 3.39

. 4 0 3

. 4 3 1

. 4 4 3

. 4 6 6

. 4 7 6

. 4 . 3

. 311

.268

.277
1.024
2 .80

.268

.330

. 4 0 5

.405

2 . ;j j j

2 . ' . ' ] < -

2 . M y

2 . ' ( 2 1

2 . O2 i

2 . ( 2 3

2 . ' i J. (->

2 i ; i' •

- . i.' 2 o

i ."16
2 . J l 3

2 j Sri

2 . 0 1 4
2 . ' ' 1 4
1 . )1O
l . o l 7
i . 0 1 7
i . 0 1 8
i . 0 1 9
2 . U2U
i . 0 2 0
i .018
i .013
± .012
i .012
± .044
2 .11
i .020
i .018
± .021
i .022
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lab : i u ' 1 e J /::.!
d.-i;

^ C a ( p , p ' ) c o n t ' d

15°
15°
15°
15°

20°
2o°
20°
20°
20°
2 , , o

2' °
-»- o

- c

-i - C

9 'JO

1050

1 20'J
1 374

'S5 .

32
62

4 - _

7.
7.
: .
7.
) ^

2.

2.
j .

2 9 ' i j ;

2 9 * 1 ' " ;

/ 9 ' ^ r '
29' ; r'
i9»; rr-
H-K"*-
! 9 ' ; r L

19*; -.-*-
i 9 ' i r'-
19 • : r c

; 9 -; r f-
. i *1 ~ '

1 ^ «1

i ^ ' . ~ f'

. ) 9 .

. i •• J

5 •

. i':o

. J 3 4

. < ! 7

. 27'

. ii ^ •

.24 1
• y •

2 0 8 Pb

20°
30°
30°
30°
30°
30°
30°
30°
30°

5°
5°
5
5
5
5
5
5
5
5°
5°
5°
5°

11°
11°
11°
11°
11°
11°

38 ;
5UU
650
800
925
1 000
1145

350
4U0
480
580
680
780
880
980
1080
1180
1260
1320
1380

350
400
450
550
650
750

- /

. . . ; 9 ' .

. . . : 9 - :

7 . ^ • " .

7.^*i

7. 2 9 * 1

7 . 2 9 * 1

7 . 2 9 * 1

7. 2 9 * i

7 . 2 9 ' i

7 . 2 9 * i i

4 . 3 7 * 1 ' ~ v

4 . 3 7 x i u ~ ;

4 . 3 7 X 1 M - /

4 . 3 7 x 1 . o - - '

4 . 3 7 ' 1 0 ~ 7

4 . 3 7 x 1 0 " 7

- 7

- 7
4.37x10'
4.37x10
4.37x10"7

4.37xlO"7

4.37x10'
4 37x10'
4.37x10'

4.37x10'

r7

r7

I"?
,-7

4.37x10"'
4.37xlO~7

4.3/xl0~7

4.37x10'
4.37x10"

. - 7

9 •

, 1 •

. i
. i 'J

1 '•>

. « 2 9 : . . .^2

. 9 1 b

. 9 2 5

. 9 1 1

. 9 9 1
1 .022
1 .099
1.327
1.196

. 7 9 2

.606

. 0 5 1

. 0 50

. >'52

.059

.053

.038

.034
2.547 ± .110

1.05 i .04
1.04 ± .04
1.02 ± .04

.93 ± .04

.°2 ± .04

.92 ± .04
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J coiu'd

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
; l

l r ,

I :>
l •>

o

'_»
o
o
o
o
(j

o
c
o

H'y

H'>
1 •;

1 U

1 2'

1 2 -
1 J.A

\ i'>

i - < ;

n ( r , i . 1 . - : r . l . ,

) . -

] >'

I 1 i

) I

. v.-

12

3 f ) c

3O C

3 0 "
30°
30°
30°
30°
30°

300
6 30
800
9 2 3
1 000
1145

i . • ; • • > • i •

i . 4 b >i

1 . 4 f. * 1 •
1 . U h ' 1 •
l . A !

1. 4 6 * 1 0
I T 7

. ! i 3

. U2

,53 i
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a

A FAST, LOW-MASS <Jt1 r.CTuK K'JK CdAKi,-

b y J . A . M c C i l l , L . G. A t e i t i u , a n d ' . . L . M o r r i s

N u c l e a r I n s t r u i . i e n t s a n d M t U i u J b ( t o De , ) U D ] i s h e d , )

M u l t i - w i r e p r o p o r t i o n a l c o u n t e r s ( : U ' F L ; u b i n t d e l a y : . : , » - ,

a n d o n e a m p l i f i e r p e r «d r e h d v i j b e e n d e s c r i b e d - n t r i e l i t e r a t u r e .

t ; o < J t l r e v i e w o f s u c l i n i u n t i T s i s ^ i v e u i n i i e f e r e n c e i'-), -JII.J

r e f e r e n c e s t h e r e i n . in t l i i i . p a p e r ~'e d e s L r f b e a ;!<.Vt d t s ) o i i e d t u

o j i e r a t e a t s i ̂ n i f i Crii i t l y r e d u c e i i ,;,iL p r j S o u r e . , a n d u p r o v i J L

p o s i t i o n , t i ' n e , a n d a n ^ l e i nf o r . n a t ) ' o r . I t p r e s e n t s a l o w m a s s i : .

c h a r g e d p a r t i c l e s t r n v e r s i n y i t , a m i i s i n t e n d e d t o b e u s e d w i t h a

s m a l l b e a : a . T h e s p e c i f i c d e t e c t o r d e s c r i D e d w a s b u i l t a s a n

u p s t r e a m p r o f i l e m o n i t o r f o r .in hOU .'lev' p r o t o n b e a . n .

CONSTRUCTION a n d INSTALLATION

The body of the counter was iaac hi •leJ truij a A" * / _ "

a luminum b l o c k a s shown i n F i g u r e o l . A p i e c e of ^'J uu P A u - p i

A

tungsten wire (a) was strung down die center of each of tlie t:;ree

—" bores, soldered at one end to a laodified SilV connector (b>.

Prior to this each SUV connector had its solder tip cut back., and a

0.6mm hole was drilled therein at the geometric center of the

threads. With the connector and wire installed, the other end of
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Fi ^ure 31 : An a s s e m b l y d r a w i n g of t h e chamber d e s c r i D e d ,
t h e p o s i t i o n of dn anode w i r e (a), SUV c o n n e c t o r s ' (b), one of
t h r e e I n c i t e c e n t e r i n g i^lugs ( c ) , one of t h e (J.(JUU5" m y l a r
windows . Cia s froin the h a n d l i n g sysLeni e n t e r e d t h r o u g h oni; of

t h e ~ " p o l y - f l o
4

c r o s s - f i o w p r o v i d e d by t h e 7-" h o l e s ( f ) .
o

lines (e) and exitted tae other,

1.,
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Fi gu re H2: D e t a i l of tlie i n t e r f a c e between the chamber body, — iis
mylar window, and tile b r a s s p l a t e .
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tlie wire was threaded through a lucite centering plug (c), a 3U g,n.

tensioning weight was attached, and the wire and plug were secured

wj tli epoxy .

The oblong hole through the 2—" dimension of the olock was

covered at each end with a .U0U5" Mylar windov; (dj sandwiched

between a brass plate and the block. All edges were rounded and

smeared with a light film of silicon grease to keep the epoxy at

the perimeter of the Mylar, allowing tfie Mylar to flex without

encountering any sharp edges (Kigure HI).

Poly-flo fittings (Figure iil(e)) provided gas entry and

exit, with cross—flow between wires through—" holes (f,). These

holes were plugged to the envirjnacnt with epoxy. The gas handling

system is shown in Figure Ii3. Gas pressure in the chuuber is

monitored by a 0-SUO nm differentia] pressure gauge installed as

shown. The Manostat used to regulate gas pressure was advertised

as capable of maintaining a constant pressure over a wide range ot

thru-rates, but in reality some adjusting was necessary to achieve

a specific combination of flow and pressure. However once set, ttie

Manostat was quite stable over periods of up to 11 hrs.
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Fi gu re Uli: Tiic vacuum gas handling system used in the operation ot
thc> t o ' . i i L u r . O i c o r e f e r e n c e p r e s s u r e w a b s o t , f l o w r J U * a n d

remained steady fur days.



T I M I N G a n d I 'USITIU.V INK

A reference coordinate system is stio-rn in Figure iw. The

distances x x,, and x, are assumed to have a linear relationship

with drift time,

xj = U j - t o J v - <"•'>

where t o is the time the par t ic le passes through the chaaber, t̂  ib

the arrival tine of the pulse from the i anodu, and v is the

drif t velocity (apprux 20ns/mra). Further, relations tor position

and angle are

x = i. - x = a n d iii-l)

C o m b i n i n g ( B . I ) a n d ( B . 2 ) y i e l d s

t + = ^ ( t

So tQ corresponds to the tJiae <-J particJe passes tlie midpiane ot tue

detector. The constant — can be treated as an ofiset, tjnJ
2v

removed with delay lines in the timing circuit. Similarly,

x-SL = (tQ-t2)v

Equations (B.4), (B.5), and (B.6) are "he expressions for the three

quantities available. t can be measured in a variety of ways, but
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the most straitforward is to use a meantimer, eg. Lecroy Research

Corp. model // 624, to obtain

Then

t o = ( t x t 2 J ( t 2 t 3 J + offset .

The time differences can be calculated using TAC's or TUC's, and

added together e i ther with sui.nni ng amplifiers or i ,i software to

obtain the other quan t i t i e s .

RESULTS

Some plateau curves as a function of pressure are shown in

Figure B5. For isini.num ionizing pa r t i c l e s , tne device appears to

be useful at pressures above 1 SU na a bs. iielow Lliese pressures

'ig

anode of f icienc.u •; are less than bU/i, and the plateau shoulder i s

too narrow to t r u s t . At 30U nun̂  the counter is ~ 7 mg/c.a2 thick,

including the —rail Mylar windows. The d^jft spectra in Figure Bb

were taken wi tli a 207Bi source collimated ta ~ 6mm. The dr i f t

ve loc i t i e s do not change measurably over a wide range of pressures,

but stay constant at 2Dns/mm.

In several t r i a l s with an UUU MeV proton beam, raw signals

from the chamber had ~ 5rnv amplitudes with 2ns r i se tiuies, when

terminated into 50 ii. By placing a s c i n t i l l a t o r d i rec t ly behind

the counter, the time resolution between the s c i n t i l l a t o r and t

> o

was measured to be 2 ns FWHJi. The ultimate position resolution is

expected to be ~0.1 mm based on previous drift chamber
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(39)
measurements . Based on the position resolution one should be

able to obtain an angle resolution of ~A mraa with the present

counter.

The counting-rate performance of the counter is limited Dy

space charge effects, and consequently depends upon the be<ia spot

size. Problems are expected to arise at counting rates exceeding

101*/ linear ram of wi re/ sec.

CONCLUSION

We have reported a small counter which presents a inasb •->£

7 rng/cio2 to incident particles and is capable of providing time,

position, and angle information. Initial studies hove sho«m it is

possible to obtain better than 2 ns FWii.l time resolution. txjiecieJ

position resolutions are 0.1 mm and expected angle rtsuJjL.jns are

4 mrad.



Appendix C

L i s t e d b e l o w is t h e T e s t D e s c r i p t o r f i l e u s e d in

E x p e r i m e n t 4 7 0 .

ft«l.65.33.4.
BOX I.
BOX 2.
BOX 3.
IOR.-I .1 .
END.
CATE I I .-1 .
C4TE I.I.-I.
GATE I . I . -1.
CATE I . 1 . -1 .
CATE 12.28. bt»,
CATE 13.20.608.
Bl .2.6.
Bl.2.7,
CA.141.9871.IBlSS,
CA . 142 . 990©. 10100.
CA. 143.9900.I 0100.
CA. I44.99OO. HI I 00.
GA.I4S.9900.I0I00.
CA.146.9887.10169.
BOX 4.
OA 239.9980.IOO20.
C».24«.99B0.10020.
C;.105.0300.11500.
CA.IOI.13000.7000.
IOAT I.
ICIT 2.
I CAT :t.
K;AT 4.
I CUT 3.
CA I (•11.7500. 12500.
O A . i-iii.'iai)i>. IOI'IIO,

CA. 162.73011. 12300.
CA . I Till. 9000 . 10200 .
BOX.3.
BOX.'..
BOX.7.
BOX.O.
BOX.9.
CA.193.10020.I0OA0.
CA.193.9985.10045.
CA.193.10045.I0IOS.
CA. 193.10103. 10163.
CA. 193.9072. MM 45.
CA.193.9890.10239.
CA.101.13000.7000.
CA.101.13000.7000.
AND.-3.-6.
AMI.-7.-0.
Al»».4».47.
AND.I.I.
AND.20.21.
AND.13.IB.
AM). 14.15.16.17.
AMD.14.IS.16.17.49.33.
ADD.14.IS.16.17.49.50.
A5D.20.33.49.52
AND.2!.33.49.32.
AND.20,33.
AMD.21.S3.
AMD.34.19.
AMD.2.19,SO.52.
AMD.IS.It.17,49.21.33.
AlfD. 14. 16. 17,49.21 .33.
AMD.14.IS,17,49.2*.33.
AMD,14.IS.16.49.2*.33,
AMD.3.19.30.32.

: ri65.76!BJI547».TST CYCLE
i 1

:2
; ̂
: 4

>3
16
;7
:B
: 9
; 10
t 1 1
: 12
: 13
; 14
: I 3
: 16
: 17
t 18
'. 19
; 2 0
. 2 1
; 22
i 2 3
. 2 4
; 2.5

2 *
; 27
:20
i 2 9
; 3 0
. 3 1
: 3 2
. 3 3
: 3 4
. 3 5
; J6
. 3 7
: 3 8
; 3 9
;40

I N S I D E B O X - - 1 . P I D

2
3

LOOP 1 COUNTER

SPAR£
SP\R£
SPARE
SPAKE
NORM

R t \ F.HSE
SPARE
SPAHE
CIIMBR 1 CHKSl.fl

2
3
4
3
6

ANCLE CITT"> X < ' ! 8 3 ) V9
WIT OIIF 2 3 >•>/- 2.'ffl)
DRF HIFF 45 ( • . - - 2riMI
X tlRIFT CH,\.13EnS
SPUU.
PHAK 1

2
3
4
5

CI12X
CJ12Y

cms
CII4V
BOX 3
BOX *
BOX 7
BffK B
BOX 9
SC4TT A.VCLF. 1

2
3

23 "£C 1979

ROTATED ANGLE ( » I 9 6 »

;42 5
.43 FULL SCT ASCIE REG10M 2 DECREES
;44 SP}RE
i45 Sr\ilt
:*f, NOT JAWS
:47 NOT VETOES
:48 NOT ANT IS
i49 COOD PID »«> .TO ANT1S. PID
;30 DRF TST
.31 DI. OK
.52 OH OK

: 3 3 DR CHHBRS. COOD P I D . B 0 X 5
; 5 4 DR CH1IBRS. COOO P D . D W T S T

>S3 DR CBRS.COOD PID.DRF23.BOXS
|S6 DR CHBI1S.C00D P1D.DRF4S.BOXS

:37 TEST 33 AND DR123
i38 TEST 33 AND DRF43
i 3 » GOOD EVCVT '•> COOD PID. DR CHS. XAHCLE.
i 6 * COOD BOX 2 EVENT
16I ALL DR CHT1BRS BUT 2 . COOD PID. DRF43.B0X5
|62 3
• *3 4 DRF23
, 6 4 J
;65 COOD BOX 3 EVFJTT
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AND. 3 9 . 4 2 , s66 COOD EVENT. SCAT ANCI.E S
AffD.39 .34 .38 . 167 GOOD EVENT SCAT REC I THETATCT
AHB.39.4e. i«a a
AKD.39.4I . s69 4
AND.39.42 . ;70 3
AND.99.24. :7 l COOD EVENT. PEAJC I
A N D . 3 9 . 2 4 . 3 4 . i72 COOD EVENT PEAK 1 THETA TCT
AND.39.26. .73 3
AND.39.27. :74 4
AND.39.28. :73 3
AND.22.42.39. ;76 X DRIFT CHAMBERS COOD EVENT SCAT M X ION 9
AND.33.39. i77 BOX 7 AND COOD EVENT
AND.22.42.6«. >7S X DRIFT CHAMBERS. COOD EVENT BOX 2, SCATTER I ICC 4HCLE REGION S
AND.22.42.63. |79 X DRIFT CHAHBERS. COOD EVENT BOX 3. SCAT REC1ON S
AND.22.39. :80 COOD EVENT. X DRIFT CHAMBERS
AND.-16.>7.49. ,81 9RIFT 3, NOT 4, COOD PIO
AND.S9,rj. ,82 COOD EVENT. BOX 3
AND.50.31. 183 6
AND.39.35. I84 7
AND.39,36. i63 B
AND 39.36. 186 COOD EVENT BOX 8
AND.39.39. ,87 GOOD EVENT. SCAT ANCLE 2
AND.39,4*. ,68 3
AND.39.41. ,89 4
AND.39,42. |9« 3
AND.3. 19.22.42.34.32 .91 TIDl3 EQUIVALENT OF TEST 76
IOR.I.-I. :«2 LOOP 2 COUNTER
END
FINISH
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