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INCLUSIVE PROTON SPECTRA AND

TOTAL REACTION CROSS SECTIONS FOR

PROTON-NUCLEUS SCATTERING AT 800 MeV

by

John Alexander McGill

ABSTRACT

Current applications of multiple

the elastic scattering of medium energy

scattering theory to describe

protons from nuclei have been

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 (P9P’)

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

cross sections. We conclude that as mch as 85

nucleus proceed from interactions with a single

and that the impulse approximation is a good

% of all reactions in a

nucleon in the nucleus,

starting point for a

microscopic description of p + nucleus interactions at 800 MeV.

v



CHAPTER I

INTRODUCTION

The internucleon spacing in

the dellroglie wavelength of an

information suggests that 800MeV p

nuclear matter is about 1.3 fm, and

800 MeV proton is 1.5 fm. This

+ nucleus elastic scattering data

should be sensitive to the onebody density of the target nucleus;

several multiple scattering theorie~’-’) attempt to describe

quantitatively the scattering process in terms of the fundamental

protomnucleon 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 . ‘he

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 mediua are negligible. Binding corrections and
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Figure 1.1: Differential cross sections for 800 MeV proton scattering
from (a.) L2S~3C, (b.) 2“8Pb, and (c.)qiJ,It2,W,148~C The curves
are those obtained with the microscopic optical potential of KllT.
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multiple scattering terms were later introduced as refinements to the

theory.

Watso~l-3) 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

state density distribution. Kerman, ~kllanus, and Thale~8)

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 theory in describing 800 MeV p + nucleus elastic scattering

(13,23,25)
from various nuclei .

lbth the KMT and Watson Multiple Scattering theories solve the

SchrGdinger equation in integral form

Y+= 0+ GV4Y+ ,

where A projects out antisynmetrized states and

-1
G=(E_Ho_HA+ic) ,

by defining a scattering matrix T such that

TO= VY+ .

(1.1)

(1.2)

With this definition Equation 1.1 becomes

3



T= V+ VG$T .

The KMT approach involves defining a single scattering operator

.
(1.4);i = vi + ViGhti

where ~i is the amplitude for scattering from the i
th nucleon, when vi

is defined such that

A
zvi=Av=V . (1.5)

i=1

Using the definitions in Equations 1.4 and 1.5 in 1.3, and iterating

1.3, gives

T= A; + (A-l)iGAT . (1.6)

To cast the problem in a proper LippmanrrSchwinger form, the auxiliary

operator T’ is defined

A-1
T’=7T

1

so that Equation (1.6) becomes

T’ = (A-l); + (A-l)k&’ .

(1.7)

(1.8)
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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 the elastic states only, and its

complementary operator Q projects out only inelastic states. Of course

P+Q=~ . (1.10)

lJith T’ as given in Equation (1.8) the corresponding requirement for

the optical potential is

T’ = U’ + U’PGT’ . (1.11)

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

u’ = (A-1);+ (A-l)u’GQ; . (1.12)

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 proto~nucleon interaction in nuclear matter are not

known, and practical calculations approximate these amplitudes with

free nucleownucleon amplitudes , and the series in (1.12) is truncated

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



A

t constitutes the impulse approximation in the context of multiple

scattering theory.

(he important consequence of the use of the impulse

approximation is that, within the context of the theory, all reactions

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

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

initiate the process leading to reactions. Clearly unless these two

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 MeV

p + nucleus reaction mechanism, both total reaction cross sections and

(P,P’) inclusive spectra at forward angles were measured-

Chapter II describes the experiments, while Chapter 111

contains a description of the data analysis. Finally Chapter IV

contains a comparison of the total reaction cross sections with the

angl-integrated inclusive (p,p’) cross sections, and with predictions

(35)
given by KMT calculations .

We tentatively conclude that two-nucleon processes account for

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

that the impulse approximation appears to be a good starting point for

microscopic calculations of p * nucleus observable at 800 MeV.

-,

.

.



CHAPTER II

EXPERIMENTAL ARRANGEllENT

Both experiments were done using the High Resolution

Spectrometer at the Los Alamos Meson Physics Facility. A brief

description of the beam line and spectrometer system is given in

Section A; Experiment 470 “Reactive Content of the Optical Potential”

is fully described in Section B; and Section C describes Experiment 386

“Total Reaction Cross Sections for p + Nuclei”.

A. BEAM LINE A1$DSPECTROIIETER— —
(12)

The LAIPF LINAC has been extensively described elsewhere .

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

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

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

100 lleV. The third stage, the sidecoupled cavity section, then

accelerates the ions to 800 lleV.

Once 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 meson

production targets, thence to a beam 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 Line C (see Figure 2.1). The unstrapped H- continues to

other experimental areas.

7
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Blanpied has given a good description of the Line C be~

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

dispersion, twister, and matching. ‘he 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 quadruples. Additional quadruples are

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

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

‘IheHRS is a QuadrupoleDipoleDipole (QDD) system mounted in a

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

the nomdispersion direction (~) and point-to-point focussing in the

A

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

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

~) all scattered particles having the same energy loss at the target

will be focussed at
A

the same transverse coordinate (x) on the focal

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

coordinate in the non-dispersion (~) direction is proportional to the

scattering angle.

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

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

chambers (DC’s) which provide position and angle information; S1-S4 are

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

1

and provide the “event” trigger. me

a wide variety of purposes and only

experiments.

detection system is designed for

portions of it were used in these

9



/

I Emo“

i
.“”

III

U)

Ntn

I
*

I
u

)

It

“

E
J

u;G.sul-in.
f
u

$4

I



I

The four scintillators are optically coupled to EM1 9813B

photomultiplier tubes at each end. The physical characteristics of the

scintillators are listed in Table 2.1. ‘he anode signal from each

photomultiplier is

each scintillator,

fed into an LRS

input to an LRS 621 leading edge discriminator. For

the two discriminator signals (top and bottom) are

624 Ileantimer, tk output of which is a signal whose

arrival time is independent of position in the scintillator. Normally

the meantimed signals are used to form a four-fold coincidence, so that

a good event is defined by the requirement of S1.S2.S3.S4. This

constitutes the HRS event trigger, alerting other electronics modules

in the system that a good event (i.e. not a random charged particle

from room background) has occured and other data, e.g. chamber

information, may be read in.

Another function of the focal plane scintillators is the

identification of particle types at the focal plane. For a given field

setting the HRS will transport to the focal plane different particle

types with the same value of p/q, where p is the particle momentun and

q is its charge. Field settings corresponding to an 800 lleV proton

(p/q = 146311eV/c*e) also transmit a 500MeV deuteron, a 35011eV

triton, a 70 NeV %e, and a 1330 NeV n+. Therefore some scheme of

particle identification (PID) at the focal plane is necessary. ‘!iheHRS

system provides PID through measuring time of flight between two

scintillators, and pulse height in one scintillator. Time of flight

1 E
goes like ~or—. Pulse height from a scintillator is a function of

P



Distance from

Detector Raterial Size(cm) Focal Plane(cm)

S1 Pilot B 76.2 x 1.27 x 0.64 68.6

S2 Pilot F 77s5 x 10.8 X 0.64 119.4

S3 NEllo 106.7 X ]4.0 x 0.95 259.1

S4 NE110 106.7 X 14.0 x 0.95 274.3

Table 2.1 : Sy?cifications of event scintillator geometries

used in Experiment 470.

\

.
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the energy lost in the scintillator , which is proportional to [~j2.
P

‘Ihusparticles having different masses or charges can be distinguished.

In Figure 2.2 Cl and C6 are “delay line” (DL) chambers which

provide information redundant to C2-C5, “drift” chambers. (bnsequently

Cl and C6 were not used in this experiment. Each of the four drift

chambers
A

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

for ~ information. The design and construction of these detectors has

(15,16)
been dfscussed extensively in the literature 9 and only a

qualitative description is given here.

A schematic representation of a plane is shown in Figure 2.3.

Alternating anode and cathode wires are spaced 4 mm apart, with anode

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

bussed together and grounded.
.

Each physical unit (stacked x-plane,

~-plane, ~-plane, ‘~plane) is covered with .001” aluminized Nylar. A

mixture of Argon, C02t methylal, and isobutane in the chamber serves as

an ionizing mediun; i.e., a charged particle traversing a plane will

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 times of these signals are

‘1 = td+ n At ,

where td is the drift time 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

t2
= td+ (t-xl) At ,

where k is the total nunber of wire intervals between the left and

right edges. The time difference

tl- t2= 2nAt- gAt

reveals the event wire , while the time sun

tJ+t2= Ztd + iAt

yields the drift time td. In both quantities the constant %At can be

treated as an offset and renoved either in hardware with appropriate

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

* 4 mm, and the time sun is used to interpolate from there.

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

positions; Figure 2.4b shows a drift spectrum of t,+ t2. These data

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

constant drift velocity would result in a flat drift spectrum out to

4mm , and zero from there out. Nonlinearities as in Figure 2.4b are

accommodated 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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lhere is one ambiguity

did the event occur to the left

the reason for placing two

remaining in the location of the event:

or the right of the anode? Here enters

Fy pairs in each physical unit. By

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

offset by 4 mm, four possible combinations can be formed: (left,left),

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

combinations

and that one

tice

will ninimize the difference between the two positions,

is chosen.

accurate positions in all chambers are known, it is a

simple geometric problem to generate the variables of interest at the

focal plane : (xf, yf, Of, ~f), where Of is the angle in the dispersion

plane and @f 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

Po
d= - Psp

l’sp

yields the momentun of the event (Po) relative to the spectrometer

central momentun (P5P), known from the field settings. The

relationships between the quantities are given by
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et

‘$t
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5

0.00 0.00 -0.0644 0.1906

007471 -0.8125 0.0818 0.0007

-0.0229 0.0409 -5.0249 -0.1654

I0.0555 0.0002 0.00 0.00 1
Xf

‘f

Yf

$f

+A

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

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

From the above it can be seen that the major elements in the physical

terms are <Ytl +f>~ <$tlYf>s and <d]xf>. Finally, from this last

quantity the dispersion of the HRS is 18.02 cm/%.

The calculation of physical quantities in terms of focal plane

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

in the preceding paragraph that “once accurate positions in all

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

modules are passed to a computer for analysis. llIisis accomplished by

~NMC(17,18)

the HRS

trigger

.

Raw scintillator and drift chamber

focal plane to the Area C bunting

(S1=S2 %33%4) is made and used

signals are transmitted from

liouse (CCH). There the HRS

as the common start to CAllAC

time-t-digital converters (TDC’S). Discriminated chamber signals

used as stops to yield t, and t2 discussed above. Signals from S2

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

signals are fed to CAMAC analogtedigital converters (ADC’S) for

are

and

S4

the

pulseheight information used in particle identification. ‘i’heoutputs

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

.

.

.
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.
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.—

and

EXPERIMENT 470: “REACTIVE CONTENT OF THE OPTICAL POTENTIAL”——

This experiment took place in two parts because of scheduling

be-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 beam line

vacuun and from the downstream spectrometer vacuum by .010” Mylar

windows. To reduce multiple scattering effects the scattering chamber

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

obtainable nomentun resolution and rendered the facility unusable for

many purposes. However the resolution requirements of Experiment 470

were no more than one in 103. Further, spurious scattering events

associated with the Helium could be accommodated by r-taking a partial

set of data at a later date with good vacuun. So the experiment ran

for approximately 10 days in December 1979 (Cycle 25), and another 5

days in March 1980

Figure 2.5

of the experiment.

(Cycle 26).

is a schematic drawing showing

Protons with 800 lleV kinetic

scattering chamber from Line C and scattered from

small fraction of the beam was scattered ( ‘10-”),

continuing on to a beam current monitor, thence to

the major components

?nergy entered the

the target. Only a

with the majority

the beam stop. The

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

19
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.

conducting plates imbedded in a gas mediun (ArC02), so that the plates

collected the ionization current caused by the passage of a fast

charged particle. ‘Ibis current was integrated, and the integral was

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

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

detected at the focal plane.

During Cycle 25 a target of

HRS scattering chamber, and data

laboratory angles of 11°, 15°, 200,

liquid hydrogen

were taken with

was

the

25°, and 30°. Upon

these data runs the cryogenic target was removed and

mounted in the

spectrometer at

completion of

targets of CHq,
.&

12C
CD2, , 4OCa, 90Zr, and 208Pb were mounted on the standard HRS target

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

11°, 15° , and 30°. As stated earlier, all the Cycle 25 data were

acquired with the scattering chamber full of Heliun. Amore or less

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

effects of multiple scattering from the Heliuz.

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 chamber

evacuated to a pressure of < 10-4 torr. kce again a few data points

were recorded with no target in the beam to check for background

effects. In all

each were taken.

describing TDC

scintillators.

over 1100 separate runs averaging about 15,000 events

An “event” , as used here, refers to the 38 data

and ADC outputs from the wire chambers

words

and

21



Initially at each angle the HRS fields were set to detect

protins elastically 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.

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

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

again. As the momenttn 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. l’herefore the definition of

the HRS trigger was changed from S1*S2*S3*S4 to S1*S2*S3 at

-850 MeV/c, then to S1”S2 at -400 MeV/c. Overlap data were taken at

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

‘Ibisprocess 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 momen tun is given in

Appendix A.

c. EXPERIIIENT 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. lhe extraction of

total reaction cross sections from this attenuation will be described

.

22
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in Chapter III, but here we wish to point Out the experimental

situation. None of the standard liRSdata acquisition system, focal

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

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

The experimental arrangement is shown in Figure 2.6. Two .010”

thick scintillation counters upstream of the target, S1 and S2, counted

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

1
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 B. S4 was a veto counter located 27.63”

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 1.03 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 beau particles and the

straggling tail down to - 3.5 MeV loss.

A certain fraction of the beam was scattered outside the region

of acceptance (defined by the 1“ hole in S4) 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. h t

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
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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 CAllAC scalers were

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

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

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

of the next time 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 beam quality or intensity

were averaged between target-in and target-out. Further, suspect data

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

bunters S1, S2, S3, and Cl were mounted on a beam scanner

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 scanner.

The scanner had a pair of stepping motors wh ch drove worm gears,1

providing linear translation of the counter assembly in the two

directions perpend~cular to the beam. The stepping motors were

controlled from inside CCH, and positional readout was supplied there

via sliding potentiometers on the scanner. ‘Ihusthe upstream counter

25



set could be moved independently and reproducibly up-down and

left-right to locate the beam.

In order to accurately extract the total reaction cross section

frcm 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 0 are not counted, and those scattered inside tJ are

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

assumption: some particles inside e> (but outside b) are counted, and

some particles outside 0< (but inside 0) are not counted. ‘Iherefore

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. tillimator jaws

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

down to less than 1 mm sqare, then an upstream jaw, CLO1, was adjusted

to cut the beam current down to a countable level. With CL04 and CL05

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

affect the size or location of the beam on the target. ‘Iliebeam

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

was found to be gaussian in shape with - 0.5 mm FWH1l. l’hebeam profile

was checked periodically with Cl.

.

.

.
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A similar source of error in the determination of the solid

ang1e 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 S1, S2, S3, and Cl were

mounted on the target table in the scattering chamber. ‘Ibistable 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 beam, the target table was rotated left until the

beam hit the right edge of the hole in S4. 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.

Line C Steering Magnet 6Y (see Figure 2.1) was used to bend the beam

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 beam at the center of S4. With the target table and

LC-S116Y set to their proper values, the scanner box was moved up-down,

and right-left to center the hole in S3 about the beam. l’husthe 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 scintillators were first

discriminated in either Lecroy Research Systems Model 621 or 821

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

pulse widths set to 10 ns. %xue 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

.

.

.

.

28



..

l--
r

I
I

n.y(J
(

7
-

c*rnu%
-l
c0kva
J

?-4auw
-l

5’

29



discriminator was fed again to a LRS 821 where its output width was set

to 40 ns and used as a veto into the LRS 365ALP to give Sl*~. h

output of this unit was fed to a LRS 322A coincidence register along

.

.

with the discriminated output of S2 to give S1 “S2‘S3, or BEAM. The

discriminated output of S4 was similarly widened and used as a veto to

BEAM in aLRS 364AL. Then BEAM*~was joined with the discriminated S5

signal to form BEAll*=*S5, or EVENT. As their names imply, BEAM

represented those protons incident on the target, and EVENT represented

BEAM particles which scattered inside the 1“ hole in S4 and were

transmitted through the HRS to S5.

As in any coincidence measurement the possibility exists to

count a “true” coincidence (e.g. a beam particle) when in fact an

“accidental” coincidence (e.g. two unrelated cosmic rays) has occured.

These accidentals are assuned to be uncorrelated in time, SO by

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

probability of accidental overlap of the two signals, i.e.

A-B = true

A-did 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 nunber 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“% and forming a coincidence between this and

a delayed signal from B:

(A*~)”dld B = accidental .

This was the situation in Experiment 386, so accidentals were

dealt with in this way. The discriminated signal frou S1 was widened

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

LRS 465 logic unit. The output of that unit, =“s2, was thus

guaranteed not to be a beam particle. lhis signal was delayed and fed

to a LRS 322 coincidence unit with Sl*~. The output of that unit was

BEAllACCIDENTALS. Similarly to form EVENT ACCIDENTALS, part of the

definition of EVENT, BEAM”S4, was widened and used as a veto to the

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

BEAM particle. This signal formed a coincidence with a delayed BEAli*S4

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

coincidences between

last quantity gave a

by S4.

S4 and BENI were formed in a similar manner. This

measure of the accidental vetoing of a good EVENT

obst of the information described here was scaled, noted S on

the electronic diagram. The outputs of these various modules were

-1.7 v pulses which were connected to 12-channel CAMAC 24-bit scalers.

At the end of each “target-in”. and “target-out” cycle the accumulated

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

EXP386, and the scalers were cleared.
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CHAPTER III

ANALYSIS OF THE DATA—— —

A. EXPERIMENT 470: REACTIVE CONTENT OF THE OPTICAL POTENTIAL

The off-line analysis of the data from Experiment 470 was done

(19,20)
using the standard HRS data acquisition system “Q” in a “Must

Process” mode. This system consists of three major components: an

ANALYZER, a DISPLAY package, and an ALLTEST package. The ANALYLI%K is

primarily responsible for converting the 38 taped words containing time

and pulseheight information into physical quantities such as

(xf, ef,yf,~f) and (6t,qt,yt, d). The ANALYZER also calls a relativistic

kinematics subroutine KINREL to correct for the recoil of the target

nucleus, arriving at the Missing Mass. Of course these quantities are

complicated functions of times and pulse heights, so in the process of

calculating them many other intermediate quantities are also

calculated. In all the ANALTLER generates over 200 DAi’AWORDS which

can be displayed or used in the ALLTEST package.

DSP(21)
The DISPLAY package, > permits the creation of

one-dimensional histograms, the entry, retrieval and plotting of these

histograms, and the dynamical display of two-dimensional scatter plots

as data are acquired. The user can specify which DATA WORD is to be

plotted, a test to be passed for entry to the histogram, and display

parameters. L)SP is therefore closely linked to the ANALYZER and to

ALLTEST. In addition one may use cursors on displayed data to define

.

.

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

the ALLTEST package.

ALLTEST is a subroutine to the ANALYZER which allows the user

to perform tests on raw and calculated DATA WOKDS (MICROTESTS) or on

logical combinations of previous tests (MACROTESTS). A MICRO’ILST

specifies a bit pattern or upper/lower limits on the value of a DATA

WORD (including the limits defined in GATE and BOX commands to

displayed data ). A MACROTEST specifies logical combinations of

previous MICR& or MACR&TESTS or their complement (AND, OR, EXCLUSIVE

OR). Tests are defined in the Test Descriptor File (see Appendix C)

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

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

one can easily tighten or loosen the definition of a “good” event,

define a restricted region of the focal plane, or change Particle

Identification limits. The Test File for Experiment 470 was used to

count protons scattered into a solid angle W and monentum interval hp

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

tests were used to determine the focal plane efficiency, software

efficiency, and normalization of the data.

Al: The Differential Cross Section

In scattering experiments the number of particles scattered

into a solid angle AQ is proportional to the beam flux, the size of ~~1~

and the number of scatterers intercepting the beam:
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dN = o(e)”N “AU*n
b s“

(3.1)

.

The constant of proportionality u(0) is the differential cross section

and

u(6)*A$1= do(d) (3.2)

so that

For elastic

the quantity

~= dN
. (3.3)

dS1
‘b”ns”Ab2

and inelastic scattering to discrete final states this is

of interest, and beam particles which leave the nucleus in

discrete states are easily identified and couuted with a spectrometer

such as the HKS. However scattering to the continuum does not result

in outgoing protons with discrete energy losses. In this region the

scattering yield into a solid angle Ailand momentum interval Ap is

(3.4)dN = a(O,p)”Nb ”n~”Af~”*P ,

and by analogy with Equation 3.2

IJ(e,p)”A~)”hp= d%(~,p) (3.5)

.

.

.

so that the quantity of interest is
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.
dzd~, p) = dN

dktdp Nb .n~.Afj.A~ “
(3.6)

.

Determination of the right side is the object of the experiment.

A.2: NORMALIZATION

Since the (p,p’) inelastic spectra for excitations greater than

about 160 MeV are structureless over the momentum acceptance of the tiKS

(~ = tl.2 %), and because the angle-integrated (p,p’) cross sections

da
are

%
structureless over the solid-angle acceptance of the iiRS

(AO = ~ 1° in the plane of scattering), the full phase space acceptance

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

d ‘O
single data point for the relative —.

dfklp

However the momentum-solid angle, acceptance function of the

spectrometer 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

the d~o
cross-normalize some of data to ‘H (p,p) elastic scattering

dikip

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

1
H (p,p) cross sections are known,

d‘u
the absolute cross sections for —

dkklp

were

Then

with

easily obtained for the restricted angle-momentum acceptance runs.

d ‘u
it was simply a matter of scaling the relative— data obtained

ditip

the full acceptance, to obtain the absolute cross sections.
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Figure 3.1, obtained using a CH~ target with the HRS at 15° 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

1
elastically scattered from the H in the CH2. The angle-position

correlation is due to the large kinematical% ( -9.4 14eV/deg) at this

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

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

the large
dE

x’
Box 7 also effectively restricts the focal plane

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

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

central region of the focal plane (- 0.7 % of the full acceptance) for

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

9
uniform.

For ‘H (p,p) elastic scattering we have

du(~) = K*NB7~cF

dfl IC .ns
(3.7)

where NB7 is the number of counts in 80X 7, CF accounts for the

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

a relative current monitor, and ns 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 AU defined by Box 7. Since ~ for 800 MeV ‘H (p,p) elastic

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

.

.

.
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d ‘a
In order to obtain an absolute normalization for the — data,

d&tip

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. Since the

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

linear with dispersion

Ap PO-PSP
‘f =U*6=I)*-=D*

P
3

Psp

(3.8)

where D is the dispersion, Psp is the momentum corresponding to

optic axis for given HRS field settings, and p. is the momentum of

trajectory. Therefore

Psp
APBOX8 =

“%0 x8
D

s (3.9)

the

the

so that

d20 _ K*D . NB8 ●CF

d$tip
‘BOX8

IC*ns.p ‘Sp

(3.1(J)

where NB8 is the number of counts in Box 8. Since K is known from the

1
H (p,p) analysis, absolute double-differential cross sections were

obtained. l-bweverBox 8 selects only a small fraction of the events

detected at the focal plane, so the absolute normalization runs were
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Figure 3.1: Scatter plot of events at the HRS f~cal plane as a function
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‘he diagonal line of events corresponds to elastic scatering fron
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considerably longer than those runs for
,,

d‘a
was used to obtain the relative —.

dkkip

Box 9, shown in Figure 3.2,

which most of the focal plane

was used to obtain the relative

doubledifferential cross sections for all of the runs. As stated

d ‘u
earlier, — is a smooth function of both momentum and angle, and

dS&lp

varies little over the momentum- and solid angle-acceptance of the HRS,

so that a factor A can be used to cross-normalize the Box 9 derived

relative cross sections to the Box 8 derived absolute cross sections

obtained from the normalization runs:

NB9 “CF KoD
A*K— =

NB8 ●CF.
IC*ns ●p

Sp ‘Bo X8
IC*ns*p “Sp

Thus

NB8
A==-

D
.

‘Box8

(3.11)

(3.12)

These Box8 - BOXY normalization runs were made in the region

800 MeV/c < psp < 1000 MeC/c where the cross section is smoothest. The

results for several angles and targets were statistically averaged.

d 20
The final expression to be used in calculating—

d~kip
is then

d20 _ A*K*NB3”CF

dikip IC*ns.p ●

Sp

(3.13)
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FOCAL PLANE X-POSITION

Figure 3.2: See Figure 3.1. These data were taken at energy-loss
corresponding to pion production. tixes 7, 8, and 9 are discussed
in the text.
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The HRS acceptance is a function of beam-on-target width in the

non-dispersion direction. For thin targets the region of uniform

acceptance is about z ~ cm in the direction transverse to the optic

axis of the HRS. Since the beam-on-target width is typically less than

?+ cm, no problems are encountered.

kwever for the 5 cm cylindrical LH2 target used during

Cycle 25, the beam-target volume was 5 cm long in the beam direction,

so that the “effective” target thickness seen by the HRS (Figure 3.3)

1
varied with spectrometer angle. Therefore during the LHZ runs H (p,p)

elastic were also taken at each angle using a solid CH2 target, and the

normalization of this solid-target data made it possible to account for

the variation in the effective target thickness of the liquid-target

data. The CH2 data were normalized using the BOX 7 technique described

above.

Finally it is to be noted that the IC gain was different for

the two running cycles. Since normalization data using the CH2 target

were obtained for both Cycles 25 and 26, the different ion chamber

gains presented no problem. As a further check of the normalization

2(J8
elastic scattering data were taken for p + Pb at blab = 5° during

(23)
Cycle 26, and compared to the data of iioffmann et al . The two——

normalizations thus got agreed to within 2 X.
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A.3 BACKGROUNDS

The scheme

pure target. In

outlined above assunes that the scattering is from a

fact, however, protons scattered from impurities in

the targets, Helium in the scattering chamber, and the LH~ target flask

were also detected. It was necessary to subtract such events from the

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

1
H (p,p’) inelastic information from data obtained using the CHZ target

12
required that scattering from C be accounted for.

For all targets,

measurements were made to

the LH2 runs the background

For the solid-target data

including LH~, target-in and target-out

determine the background contribution. ?0r

due to the Mylar flask was typically 5 X.

obtained during Cycle 25, the Helium in the

scattering chamber contributed between 3 X and 20 Z to the total yield.

Background during Cycle 26 were typically 5 Z.

Extraction of

sections was a similar

1
the H (p,p’) cross sections from Ctizcross

exercise:

I*=( ‘BY”CF)* + INB9”CF I*

where the * indicates that backgrounds have been subtracted.

(3.14)

Then

(3.15)
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40
One more adjustment to the Ca data was made. Figure 3.4 is a

spectrum of protons elastically scattered from the ‘°Ca target at 5°.

The second peak seen corresponds to protons elastically scattered from

a lighter nucleus, in this case an ’60 contaminant. Since data were

not taken on ’60, no definitive number was available to be subtracted,

so the assumption was made that

based on total reaction cross section measurements. ‘Ihen

d 2U
(—J

d 2a
—)= 1.21 [dh~ dp 1~~ ‘

d$ldp 160

(3.16)

(3.17)

and the 40Ca data were adjusted accordingly.

A.4: 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 Equation 3.12, and overall

normalization of the data.

‘i’hetarget thicknesses were known to 2 X, and this error is

included as an uncertainty in ns.

.

.
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