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ABSTRACT 

The d(p,2p)n reaction has been studied using the re¬ 

cently constructed angular correlation chamber at Rice 

University. The two protons from the reaction have been 

observed for incident proton energies of 5.0, 9.0, and 

10.5 MeV using the two Rice University Van de Graaff ac¬ 

celerators. Kinematic calculations were made to determine 

the shape of the curve describing allowed solutions in 

terms of the energy of one of the detected protons versus 

that of the other. Observed experimental curves of the 

same form have been presented along with the calculated ex¬ 

citation energies of the 3 possible intermediate configura¬ 

tions if the reaction were to proceed via sequential 2-body 

decay. Evidence of sequential 2-body decay to a low excited 

state of the n-p system is observed at particular angles for 

9.0 and 10.5 MeV bombarding energies. Similar decay is not 

observed at 5.0 MeV, but this effect is likely due to ex¬ 

perimental difficulties in observing the appropriate region 

of the energy curves at this energy. The data at all three 

bombarding energies and for many angles show evenly popu¬ 

lated distributions, indicating for these cases either 
g 

simultaneous 3-body decay of the He configuration or se¬ 

quential 2-body decay through quite broad intermediate 

states. 
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I. INTRODUCTION 

The forces acting between 3-nucleons are of interest 

because of their fundamental importance in the investiga¬ 

tion of the properties of nuclear interactions. Although 

these interactions represent one of the simpler cases of 

the many-body problem, there is no method of exact solution 

to describe them. In the laboratory, the simplest method 

of studying these forces is to observe the breakup of a 

3-nucleon system, which involves only these 3-nucleon 

interactions. Of the two 3-nucleon configurations available 
5 -z g 

in nuclear reactions, He and H , the He configuration is 

the easier to study since two of the breakup particles are 

protons whose energies may be determined more accurately 

and easily than those of neutrons. 

With reactions involving the breakup of a many- 

particle system, the question arises as to whether the 

reaction is a simultaneous, many-body breakup or a suc¬ 

cession of 2-body breakups. The answer is not always evi¬ 

dent since it depends on the time scale as well as the 

theoretical description of the process. 

The breakup of the deuteron by a nucleon is an im¬ 

portant method of studying the nuclear three-body forces. 

The recent development of commercially available multi¬ 

parameter analyzers has made it possible to investigate, by 

coincidence techniques, the energy and angular distribu¬ 

tions of two of the particles from the breakup of the 
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3-nucleon system. 

The reaction d(p,2p)n has been used in the present in¬ 

vestigation of the problem, using proton beams of 5,0, 9.0, 

and 10.5 MeV from the 2 Rice University Van de Graaff ac¬ 

celerators. The targets used in the study were deuterated 

polyethylene self-supporting foils of approximately 100 

pg/cm2. 
Calculations based simply on the kinematics of the in¬ 

teraction were used to determine the shape of the curve of 

allowed solutions in terms of the energy of one of the de¬ 

tected particles versus that of the other. The population 

of the calculated curve will be dependent on the mode of 

decay, with a continuum distribution to be expected for 

simultaneous 3-body breakup and some structure if the break 

up is by sequential 2-body breakups. However, the distri¬ 

bution may be such that there is little difference to be ex 

pected between the simultaneous breakup mode and that of a 

sequential decay proceeding through broad intermediate 

states. Differences due to the two different modes of 

breakup will be discussed primarily from the standpoint 

of simple kinematics for the reaction as viewed from each 

mode . 



II. THEORY 

As mentioned in the previous section, we must con¬ 

sider two possible modes of decay for the break-up of the 

He3 configuration when this configuration is formed in an 

excited continuum state by the bombardment of deuterons 

with protons* The first mode is that of simultaneous 
g 

3-body breakup, i*e., the He configuration spontaneously 

decays into two protons and a neutron. The only kine¬ 

matic conditions that need be satisfied then are the con¬ 

servation of energy and momentum between the initial and 

final states. The initial state is taken to be that of 

the proton having energy TQ and momentum PQ while the 

deuteron is taken to be at rest. The final state is 

described by two protons having energies T]_ and Tg with 

momenta "P-j. and Pg and a neutron having an energy of Tg 

and momentum Pg. If, for the present, we restrict the 

breakup to a plane, then we may solve for the energies of 

the two protons in the case of detecting them with two 

counters in the same plane as the beam. The calculation 

of the energy of one of the protons as a function of the 

other has been carried out in Appendix I. The result of 

these considerations is that there is a closed curve in 

momentum space of allowed solutions for P-^ and Pg for a 

given value of PQ, provided that TQ is greater than the 

threshold energy of the d(p,2p)n reaction. This threshold 

value, for a Q, value of -2.22471+.00040 Mev,1^ is 
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3.3371+.0006 Mev. 

Figure 1 shows the result of calculations for bom¬ 

barding energies of 4.0 to 9.0 MeV for simultaneous emis¬ 

sion of protons at angles of 20° and 35°, with the angles 

measured from the opposite sides of the incident beam di¬ 

rection as discussed in Appendix I. Kinematically, then, 

all possible combinations of energies which describe these 

loci are allowable in simultaneous 3-body decay. 

The second mode of decay, sequential 2-body decay, 

has quite different kinematical properties. For this mode 

we may think of 3 combinations that are possible in the 

two-stage process. These three cases are discussed in de¬ 

tail in Appendix I and are as follows: 

(I) Particle 1 is the "free11 nucleon, leaving the 

short-lived (23) deuteron configuration, 

(II) Particle 2 is the MfreeM nucleon, leaving the 

short-lived (13) deuteron configuration, 

(III) Particle 3 is the '’free11 nucleon, leaving the 

(12) di-proton configuration. 

In each of these cases, the 2-particle configuration 

may be left in an excited discrete (or continuum) state 

which decays very rapidly. The excitation energies cor¬ 

responding to a given combination of values for T^ and Tg 

are easily calculated as done in Appendix I. It is thus 

possible to calculate a set of excitation curves Eg3, E13, 

and E-^g corresponding to these three configurations and to 

plot them, along with T0, as a function of T_ . 
Ct 1 Thus if the 



Figure 1, Loci of possible combinations of the 

energies of the two emitted protons, T^ and Tg, 

emitted at angles ©^ and ©g, respectively, to 

the direction of the incident proton. The loci 

are shown for 1.0 MeV steps of bombarding 

energy from 4.0 MeV to 9.0 MeV. It will be 

noted that at 4,0 MeV the entire locus is with¬ 

in the "positive1' energy quadrant while for 

greater energies portions of the curves are cut 

by the energy axes. The solutions thus elimi¬ 

nated correspond to particles moving away from 

the detectors along the detector direction and 

are thus not detected. 
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breakup proceeds via sequential 2-body decay through 

particular excitation energies in the intermediate con¬ 

figuration, the population of the 3-body loci similar to 

those in Figure 1 will be peaked at points corresponding 

to these excitation energies. Thus the use of such plots 

could be of great assistance in the determination of the 
2 

mode of decay of the He configuration, and the excitation 

energies of the intermediate states may be obtained if the 

decay occurs via the sequential 2-body mode. 

Previous studies of the breakup of a three nucleon 

system, either H® or He®, have been made using the reac¬ 

tions d(p,np)p and d(n,np)n. The analysis that has been 

applied is that the reactions occur by inelastic scat¬ 

tering of the incident particle, leaving the deuteron in 

an excited continuum state which then decays into a free 

2-8) 
neutron and proton. ' The neutron spectra from these 

reactions have been studied over a range of energies and 

9-14) 
angles. The proton and neutron spectra from the re- 

14 16) 
action p(d,np)p have also been investigated. 

Theoretical calculations of the neutron spectra have 

been carried out by several authors6^ The spectra 

may be described fairly well by including the effect of 

17) 5) 
final state interactions. ' Frank and Gammel ' con¬ 

sidered the problem from elementary views, using zero- 

range potentials and the Born approximation. Their re¬ 

sults agreed quite well with the neutron data they had at 

hand, but their theory does not explain the upper peak in 
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the forward direction of the neutron spectra later seen by 
11) 6) 

experiment. ' Heckrotte and MacGregor have attributed 

this peak to the final state interaction of the two pro¬ 

tons, which was not considered by Frank and Gammel. The 

calculations of Heckrotte and MacGregor, however, proved 
o 

to agree with experimental data at 0 only in the region 

of this peak in the upper part of the neutron spectrum. 

Komarov and Popova have extended the consideration of the 

final state interactions to include the interaction of the 
8) 

two protons with the neutron. Using the results of cal¬ 

culations on the final state interactions between all com¬ 

binations of the particles in the system, they were able 

to make quite good fits to the neutron spectra taken at 

0° and 180°. 

The advantages of using the two parameter method of 

analysis in the form described in this paper is that for 

each particle observed in one counter there is a second 

particle observed in the other counter at the same time, 

so that both the energy and direction of these particles 

are known. This uniquely describes the energy and direc¬ 

tion of the third particle so that there is no uncer¬ 

tainty about which kinematical process took place to 

produce the observed peaks, since the- excitation energies 

corresponding to the possible cases are easily calculated 

and the peak may be traced through several angular settings 

to determine which is the correct interpretation. 
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III. EXPERIMENTAL PROCEDURE 

The scattering chamber used in this investigation is 

the recently constructed charged-particle angular correlation 

chamber built at Rice expressly for the study of reactions 

involving 3 particles in the final state. Solid state dif¬ 

fused- junction detectors (RCA Victor Co. (Canada), Ltd.) 

are mounted in the chamber on 2 independent counter arms, 

which in the rest of this discussion will be referred to 

as the "F" and MMH counter arms, with counter No. 1 being 

in the "M” arm and counter No. 2 being in the MPW arm. 

The M counter arm is pivoted about a vertical axis and 

thus can move in a complete 360° arc in the horizontal 

plane containing the incident proton beam. The P counter 

is mounted such that, in addition to similar motion In the 

horizontal plane, it can move out of the plane about an 

axis normal to the projected counter direction in the hori¬ 

zontal plane and passing through the target spot. Thus 

the P counter can move to any position on the surface of 

a sphere. 

The proton beam is defined upon entering the chamber 

by a telescope of two .0995” circular apertures In tantalum 

discs placed one at the beam entrance port of the chamber 

and another 1 foot in front of the chamber within the beam 

tube. The telescope is rigidly fastened to the chamber and 

thus defines a circular beam spot on a target placed in the 

center of the chamber and normal to the beam. After 
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passing through the target, the beam is collected in a 

Faraday cup at the rear of the chamber and integrated. 

The back of the chamber was modified slightly while 

this investigation was being conducted to allow the in¬ 

sertion of energy calibration targets within the Faraday 

cup system. With this arrangement, a target could be in¬ 

serted in the cup system while there was not a target in 

the chamber to determine a beam energy calibration using 

neutron thresholds as calibration points. The target could 

then be placed in the chamber and the neutron thresholds 

re-run to determine the energy thickness of the target. 

Figure 2 shows a simplified drawing of the chamber, 

telescope, counter arras, and neutron threshold set-up. 

The solid state detectors are encased in holders provided 

with a telescope system of tantalum discs with circular 

apertures to define the solid angle of the detector and 

eliminate detection of particles scattered from points 

other than the target spot. A more detailed description 

18) 
of the chamber is given by J, D. Bronson. 

The targets used in this study are thin deuterated 

/ 2 polyethylene foils of about 100 ^ig/cm thickness, with 

the hydrogen content of the polyethylene ( (GgH^)X ) 

being 98.3$ H and 1.7$ H . The preparation of these 

foils is described in Appendix II. The use of these foils 

prevented the use of proton beam currents of more than 

about 150 nano-amps. The presence of the small percentage 

of in the target proved to be very useful in the 



Figure 2, A simplified drawing of the charged- 

partiole angular correlation chamber showing 

the beam-defining telescope, the "F" and "M" 

counter arms, the target holder, and the 

Faraday cup system as modified for deter¬ 

mining neutron thresholds. 

Legend: 

A Tantalum disc with ,0995" aperture 
B Quartz disc with 3/l6" aperture 
0 Ledex Rotary Solenoid 
D Counter holder and telescope 
E Target holder 
F,M "F" and "M" counter arms 
G Faraday cup and neutron threshold system 
H Threshold target positioning rod 
1 Neutron threshold target 
J Cold trap 
K Viewing port (covered when not used to 

read scales) 
L Graduated angular scale 
N Beam-defining telescope 
0 Beam tube of Van de Graaff accelerator 
P Diffusion pump port for Faraday cup 

system 
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alignment of the electronic circuitry in that the delay 

lines of the two counter circuits could be aligned by 

using the coincident protons resulting from p on p scat¬ 

tering. This alignment procedure is discussed below. 

The electronic circuitry is shown in block form in 

Figure 3. The signals from the detectors are first am¬ 

plified by charge sensitive, low-noise preamplifiers 

(Tennelec Model 100A) connected directly to the counter 

terminals on the chamber. The signal from the second 

counter goes through a delay box which contains a .4 jisec 

delay cable in one branch and an attenuator circuit in the 

other. The attenuator line is matched to the impedance of 

the delay line so that switching either branch into the 

circuit does not alter the shape or size of the signal 

pulse. The preamplifier of the second counter amplifies 

8 times that of the first in order to overcome the effect 

of this attenuation. 

The signals are then fed into linear amplifiers 

(Cosmic Radiation Laboratories Model 901) which double¬ 

delay-line clip the signal. The signals from the ampli¬ 

fiers are then fed both to a multiple coincidence circuit 

(Cosmic Radiation Laboratories Model 801) and to the inputs 

of a 32 X 32 channel 2-parameter analyzer (Nuclear Data 

Model ND-150FM), with the analyzer inputs delayed by cir¬ 

cuitry in the linear amplifiers to allow the coincidence 

pulse, which gates the analyzer, to arrive at the analyzer 

at least as soon as the coincidence pulses arrived. 



Figure 5. A block diagram of the electronic 

circuitry used in taking 2-parameter spectra 

of the protons from the d(p,2p)n reaction. 

The flow of information as described in the 

text is indicated by the arrows. 
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Because of slight incompatibility between the coincidence 

circuits and the analyzer in timing it was also necessary 

to include additional delay in the coincidence circuitry 

to enable the coincidence signal to arrive at the analyzer 

just before the signal pulses. 

The adjustable delays in the coincidence circuit are 

matched using proton signals from the detectors when 

o 
placed at an angular separation of 90 in the laboratory, 

corresponding to the emission angles of the scattered and 

recoil protons from the p(p,p)p scattering. Delay spectra 

are taken with this arrangement to set the resolving time 

as low as possible and still have a plateau of constant 

counting rate when counting rate is plotted versus one 

adjustable delay setting while the other is held fixed. 

Having determined this plateau, the center is chosen as 

the operating point. A delay curve of this type is shown 

in Figure 4, The delay curve is checked several times 

during an experimental run to insure that the delay set¬ 

tings do not drift enough to lose coincident counts. 

In addition to the fast coincidence requirements above, 

the signals also are required to satisfy the slow coinci¬ 

dence requirements of the coincidence circuitry in order to 

use the window feature to provide an upper-level cut-off 

on the pulse sizes. This cuts down on wasted analyzer 

time used to analyze the elastically scattered proton 

pulses which occur above the pulse-height region of in¬ 

terest, and which may at some angles be detected in 



Figure 4. A typical delay curve as de- 

soribed in the text. Coincidence counts 

are plotted versus the delay setting 

in circuit 1 (M) for a constant delay 

setting of D in circuit 2 (F). Full 

scale for D.^ or Dg is 100 divisions cor¬ 

responding to 0.3 microseconds. 
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coincidence with the recoil nuclei. 

Coincidence spectra were taken in the 2-parameter mode 

of the analyzer which provides a 32 X 32 array of 1024 

'•boxes” of energy widths dT-^ and dTg where dT-j, and dTg 

correspond to the pulse widths accepted by the corres¬ 

ponding channels of the two analog-to-digital (ADC) con¬ 

verters employed in the analyzer. Thus a pulse corres¬ 

ponding to an energy of between T]_ and T^ + dT^ in the M 

counter will fall in channel of the M ADC while a pulse 

of energy between Tg and Tg + dTg will fall in channel Ng 

of the P ADC. If these two pulses satisfy the coincidence 

requirements of the coincidence circuitry, then the event 

will be recorded by storing a count in the ”box” of the ar¬ 

ray having coordinates (N^,Ng) with Ng being the ordinate. 

Counts may be stored in all of the 1024 positions of the 

array except for the position (1,1) which is reserved for 

the recording of the live-time of the analyzer for the 

spectrum taken. 

It will be noted that even while employing the co¬ 

incidence techniques in the 2-parameter mode as described 

above, it is possible for "accidental” counts to be re¬ 

corded, corresponding to any of the reaction products of 

any of the reactions observed in Figure 5 being detected 

in one detector with a similar event occuring in the 

other detector within the resolving time of the coinci¬ 

dence circuitry. These accidental counts will be of a 

statistical nature and thus dependent on the intensity and 



12 

stability of the beam. There should thus be no differ¬ 

ence, outside of statistical fluctuations, in the number 

of distribution of accidental counts obtained when the 

pulses from the two detectors are analyzed in coincidence 

or when one of the signals is delayed by an arbitrary 

length of time, as long as other conditions remain the 

same. This then provides a method of determining which of 

the observed counts on the 2-parameter map correspond to 

true coincidences and which correspond to accidental 

counts. Thus to Insure that true coincidence spectra 

were obtained, an accidental spectrum was taken in the 

2-parameter mode with the .4 psec delay line in the P 

circuit for each coincidence spectrum taken. The pulses 

in an accidental spectrum are treated exactly the same as 

are the pulses in a coincidence spectrum, requiring a 

coincidence pulse from the coincidence circuitry before 

pulses in the two detectors are analyzed. For analysis, 

each accidental spectrum was subtracted from the cor¬ 

responding coincidence spectrum to yield the distribution 

of the true coincidence events. Spectra of this type 

will be displayed in the next section. 

Single parameter spectra of both P and M detectors 

were also taken before and after each 2-parameter spectrum 

so that the condition of the target could be monitored and 

the pulse heights of the elastic and inelastic peaks used 

for energy calibration. These single parameter spectra 

also allowed the monitoring of any gain shifts which might 
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occur. In these spectra a single ADC is employed, the 

M ADC for the M circuit, and the P ADC for the F circuit. 

However, the ADC is gated by the coincidence circuit which 

is used only to supply a coincidence pulse for every pulse 

occuring in either the P or M detector. Thus the conditions 

for taking the single parameter spectra are very much like 

those for the 2-parameter analysis, enabling the use of the 

single parameter spectra for energy calibration. A typical 

single parameter spectrum, with energy scale assigned, is 

shown in Figure 5. 

Only two targets were used in collecting the data 

presented here. Target No. 3 (thickness = 120 ^g/cm2) 

was used for the runs L, M, and N through N6, For the 

rest of experimental run N, N7-N15, target No, 4 (thick- 

/ 2. ness s 130 ^Ag/cm ) was used. The targets were prepared 

as described in Appendix II, with the thicknesses being 

determined by the shift in neutron threshold as described 

above. 



Figure 5, A single parameter spectrum 

taken with target No. 3 at 9.0 MeV and 

an angle of 25°. The elastic and in¬ 

elastic peaks observed serve to deter¬ 

mine energy calibrations for the 

d(p,2p)n breakup. 
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IV. RESULTS 

The data are here presented in a form similar to that 

taken directly from the 2-parameter analyzer as discussed 

earlier* In Figures 6 through 17 the upper right hand 

portion of the figure contains a ,,oontour,, plot of the 

data showing the general shape of the locus of allowed 

solutions, with the excitation curves discussed below 

superimposed on the same plot. As an indication of the 

spectrum of the breakup as seen by each detector, the dis¬ 

tribution is projected onto the two energy axes* The re¬ 

sulting histograms of projected channel populations show 

the distribution'of protons detected in one of the de¬ 

tectors for events where a coincident proton is detected 

in the other detector. It will be recognized that these 

spectra are of the type that would be obtained if two 

multi-channel analyzers, one associated with each de¬ 

tector, were used to determine the energy distribution of 

the protons in each detector for events in which both 

analyzers receive pulses in coincidence. The 2-parameter 

plot is used to advantage here, for not only is the dis¬ 

tribution along the allowed locus given almost at a glance, 

but also the accidental coincidence counts due to the high 

rate of elastic scattering events may be largely eliminated 

simply by projecting only that part of the 2-parameter map 

immediately around the locus line, particularly when the 

accidental peaks fall off of the line. In addition, an 
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accidental 2-parameter spectrum, as described in the 

previous section, is taken for each coincidence spectrum 

and the accidental counts subtracted from the coincidence 

spectrum before the projection is made. Thus, within 

statistics, the projected histograms show the distribution 

curve of the particle energy distributions in the two 

counters. 

The calculated loci shown on the plots are determined 

from the kinematical relations described in Appendix I, 

using the onergy calibrations obtained from the single 

parameter spectra, and are seen to fit the observed dis¬ 

tributions quite well. 

The data enclosed were taken on three separate oc¬ 

casions, experimental set run ’'M*1 on the 5,5 MeV Van de 

Graaff and experimental set runs HLH and "N" on the Tandem 

Van de Graaff, The spectrum number indicates the experi¬ 

mental run in which the spectrum was taken. 

The first three figures (Figures 6, 7, 8) show typical 

data taken at a bombarding energy of 5.0 MeV, In Figure 6 

the entire calculated locus of the values of the energy of 

the proton detected in counter 2 (Tg) versus the value of 

the energy of the proton detected in counter 1 (T^) is seen 

to fall in the observable energy quadrant. This curve has 

two branches, labeled Tg^ and Tg^ corresponding to the two 

solutions for Tg as described in Appendix I. 

The three excitation energy curves for the sequential 

2-body decay modes are also given on the same plot, with 



Figures 6, 7. and 8, 2-parameter spectra 

M2} M3) and M4 of the d(p,2p)n reaction 

at TQ = 5.0 MeV with target No. 3, 
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the two possible solutions for E^ and Elg given as E13+, 

, E^g+, and E^g_. AS shown in the calculations in 

Appendix I, the Eg^ curve has only one branch when plotted 

against T^, All branches of the excitations energy curves 

are shown in Figure 6, even though only the (+) curves 

could apply to the portion of the curve that has been ob¬ 

served. In some of the later figures, where the Tg locus 

is not entirely contained in the observable energy quad¬ 

rant, the inapplicable portions of the excitation curves 

have been omitted. 

No strong peaking is indicated in the 5.0 MeV data, 

with the observable portions of the locus being quite 

evenly and continuously populated. It will be noted in 

Figure 6 that the excitation energy E13+ curve has a 

minimum value at a value of about 0.3 MeV for T]_* This 

portion of the Tg curve was not observed due to the lower 

cut-off of the pulses by the coincidence circuitry, so that 

no conclusions may be drawn as. to whether decay could 

proceed through the deuteron singlet unbound state whose 

excitation energy is within the range of values at the 

minimum of this curve. For the other two spectra shown 

at 5.0 MeV, Figures 7 and 8, the curve is again quite 

continuous and no indication of decay through sharp states 

is observed. 

Figures 9, 10, 11, 12 show similar behaviour at 9.0 

MeV with the observed portions of the loci being fairly 

smoothly populated, and no definite peaks observed. 



Figures 9, 10, and 11, 2-parameter spectra 

L9, L14 and N4 of the d(p,2p)n reaction at 

TQ = 9.0 MeV with target No. 3. 
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Figure 13, at 0]_ = ©g = 50° and TQ = 9.0 MeV, shows 

definite structure in the histograms, with a broad peak at 

low energies and a fairly sharp peak at the high end of 

the energy spectrum. Investigating the projection on the 

T-j. axis we see that the upper peak corresponds to a range 

of excitation energies from ~44 kev up to ~/220 kev on 

the Egg excitation curve. Now looking at the lower, broad 

peak we find the range of excitation energies on the 

curve to be about the same. The interpretation is that the 

two peaks correspond to the same state in the deuteron of 

excitation energy between '-'44 kev and 220 kev. Two 

peaks are observed since, as described in Appendix I, the 

first "free” proton can go into either counter. In fact, 

if the intermediate state were quite sharp, we would ex¬ 

pect to see two peaks at the lower energy, corresponding 

to the two values of T^ which occur for the same value of 

E^3+. Because of the symmetry of the plot (©^ = ©g) it is 

noted that the projection along the Tg axis should be of 

the same form, except that the upper peak observed along 

the T-j_ axis would project back on the Tg axis as two peaks 

(or a single broad peak), while the lower broad peak (or 

two peaks) will project onto the T axis as only one peak. 
(Zi 

This is obvious from the kinematics since the roles of E^g 

and Egg are interchanged when the curves are plotted versus 

the Tg axis. Thus all of the peaks correspond to sequential 

decay through a state in the deuteron of excitation between 

44 and 220 kev. This range covers the values often quoted 



Figures 12 and 13. 2-parameter spectra 

N7 and N8 of the reaction d(p,2p)n taken 

at 9.0 MeV with target No. 4. 
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for the energy of the level of the unbound singlet state 

19) 
of the deuteron. 

Again in Figures 14, 15 and 16 with TQ =10.5 MeV, the 

distribution along the T locus is apparently continuous 

and no sharp peaking effects occur. It will be noticed 

in these figures that the excitation curves E^g and E^ 

never extend below 135 kev, but these points may be below 

the observable coincidence region so that this value should 

not be considered an upper limit to the value of the exci¬ 

tation energy of this unbound state. 

In Figure 17, we again see definite peaking, again at 

9-j_ = ©2 = 50°, but now at 10,5 MeV, The explanation of the 

peaks is the same as for those in Figure 13, with the 

lowest value of E-^g and Egg being 31 kev while the maxi¬ 

mum is ‘—’185 kev. On the two lower sets of peaks, as sug¬ 

gested before, the appearance of double peaks seems to be 

occuring. If a line is projected back from the center of 

each of these ‘•peaks1* onto the E._t curve and the center 13+ 

line of the upper peak is projected back onto the E 

curve, a consistent value of 85 kev is found for the 

excitation energy of the unbound singlet state of the 

deuteron. 



Figures 14, 15, 16 and 17. 2-pararaeter 

spectra N10, Nil, N13, and N15 of the 

d(p,2p)n reaction taken at TQ 
= 10.5 MeV 

with target No, 4, 
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V. CONCLUSIONS 

At counter angles of s ®2 ” *>or ^om“ 

barding energies of 9.0 and 10,5 MeV, evidence of se- 
•Z 

quential 2-body breakup of the He configuration has been 

observed using 2-parameter analysis and simple kinematics. 

At other angles and at energies of 5.0, 9,0, and 10,5 MeV 

no evidence of sequential decay through discrete, sharp 

states has been observed. The population along the loci 

described in the text for these angles and energies are 

such that the decay either proceeds via simultaneous 3-body 

breakup or sequential 2-body breakup via very broad (and 

hence short-lived) states in either a deuteron or di¬ 

proton configuration. For these angles and energy values, 

the decay through the singlet deuteron state is kinemati¬ 

cally forbidden. 

These experiments will be continued in a systematic 

effort to determine if evidence of sequential 2-body break¬ 

up also occurs via the di-proton intermediate state. 

Cross-section measurements of the different observable 

modes of decay are planned, with particular attention to 

be given to angular distributions about the recoil direc¬ 

tion of the intermediate deuteron or di-proton configura¬ 

tion 
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APPENDIX I; KINEMATICS 

All of the data taken in this investigation were 

taken with both counters in the same plane, thus restric¬ 

ting the third particle (the neutron) to this same plane. 

Thus in considering the kinematics of the reaction the 

discussion will be restricted at the present to the planar 

3-body kinematics. Only the conservation of energy and 

momentum need be applied in order to find the locus of all 

possible combinations of energy distribution between the- 

two detected protons, so that the intermediate state is 

not considered. As mentioned before, the distribution 

along this curve will be strongly dependent on the mode of 

the breakup, but there are no possible solutions that do 

not fall on the locus of values determined from purely 

kinematical considerations. 

The breakup is described in the lab system by Pig. A1 

in which the incident proton has an energy of TQ and mo¬ 

mentum along the beam axis of 7 . In the final state the 

two protons and neutron resulting from the p(d,2p)n reac¬ 

tion will be described by energies T , Tc and T_ and mo- 

menta P_, P 'and P , with T and 7 describing the neutron. 
! d 3 3 3 

The problem at hand is to find the relation of T to T as 
X 

a function of TQ, the Q of the reaction, and the angles 

0 and 0 . For a particular combination of these angles 
1 2 

and the energy of the incident proton, the solutions for- 

Pg as a function of 7^ will form a closed curve in the 



Figure Al. A momentum diagram of the 

3 
3-body breakup of the He configuration 

via the d(p,2p)n reaction. The vectors 

represent the momenta in the initial and 

final states and define the angles 8^, 

0g, and 03 as used in the kinematic solu¬ 

tions • 
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coordinate system of P-^ and Pg. Since only particles of 

positive momentum along the counter directions may be 

detected, the solutions for negative momenta along these 

directions must be omitted. Thus when converting to a 

plot of Tg versus T^ the locus of solutions will not nec¬ 

essarily be a closed curve, since for many of the angles 

and energies considered here, only a portion of the com¬ 

plete, mathematically possible, curve will correspond to 

particles moving in the direction of the counters and thus 

detectable-. 

Starting first with the conservation .of momentum, we 

have first the equation* 

5 \ f ♦ V (1 

Writing this equation in terms of the components along the 

beam axis and normal to the beam axis: 

= P-^bosQ^ f PgCosQg + P3OO30S f (2 

= P1sin©1 - PgSinQg 
' P3sin03 * (3 

Now considering the energy equation: 

T0 + Q = Tx f Tg + T3, 

where ft is the energy required to break up the deuteron 

and has the value of -2.22471 i .00040 MeV(1^. Writing 

the energy equation in terms of the momenta: 
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2 2 2 2 
Q IL. p2 P3 

2Mo ^ “ 2Mi + 2M2 f * 
(5 

Prom (2 and (3: 

2 2 2 
Pg COS Qg = (PQ - P1COS©1 - PgCOSSg) f 

2 2 2 
P3 sin ©3 = (P]Lsin©1 - PgSinQg) 

Adding these two equations then gives: 

Pg2 = (PQ - P1cos©1 - PgCosQg)
2 + (P1sin©1- PgSinQg)^ 

Substituting this value into equation (5: 

T0 t 4 " T1 + V mg [Po2 + P1S * P22 

+ 2P P (cos© cos© - sin© sin© ) 
JL X d 12 

-2Poplcosel - 2PoP2cos02j . 

Thus: 

P2 1 2 „ 2 
To + 5 “ T1 * 2Mi * (Po * P1 ' 2PoV°3V 

2M3 m3 
jp1cos,(©1 + ©g) - Pocose2]. 
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The equation i3 thus a quadratic equation in P^: 

![j_+_LI ♦ ps(i_) n 
[2M3 

21
M3' 1_ 

P^coa(9^ + 9g) - Pooos02| 

- 
T0 - Q +'*^p-8 + p-.2 - 

2P 
2Mg O "1 

P_ cose. H S 0, 
o 1 lj 

Or: 

where: 

APp + BPP f C = 0 

A = Q_ + jJI , 
L2M3 2Md 

B : L jp^ 008(9! + ©g) - P0oos92^j , 

0 ... Tj. - Tc - « ♦ 1 [p/ ♦ p/ - 2P0P1oos6^j 

Thus the solution for Pg is given by 

II . -B i \sS - 
2
 §A 

There are thus two possible solutions for Pg when (B -4AC) 

is positive. These will be labeled as P^ and P : 
2+ 2- 

2f 
- -B ♦ [B

2 - 4Ag]a 

2A 

2- 

_ -B - l^2 - 4AC_ 
2A 
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The energies corresponding to these values of momenta are 

thus : 

m 
P2+ 

T * . 
2+ 2M2 t 

T 2- 

We may thus get a plot of T (including both solutions 

above) versus T_ by choosing particular values of 9 and 9 

at a given bombarding energy TQ, and calculating values for 

Tg as we step the values of T^. These calculations for a 

number of different values of energy and angles have been 

carried out, with some representative results shown already 

in Figure 1. 

The calculations above yield the loci of possible 

values of Tg as a function of T^ for a given bombarding 

energy and angular setting of the two detectors, con¬ 

sidering only the initial and final state energy and mo¬ 

menta. If the breakup can occur by sequential 2-body de¬ 

cay, there will be an intermediate state involving one free 

nucleon with the other two nucleons forming either a deu- 

teron or di-proton configuration in an excited state, with 

hn excitation energy which may be determined from the 

kinematics. For the purpose of this discussion we may 

label the proton entering detector 1 as particle 1, the 

proton entering detector 2 as particle 2, and the 
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undetected neutron as particle 3. There are thus the 

three following cases to be considered: 

(I) Particle 1 is the ’'free1' nucleon, leaving 

2 and 3 in the short-lived deuteron configu¬ 

ration (23) . 

(II) Particle 2 is the “free” nucleon, leaving 1 

and 3 in the short-lived deuteron configu¬ 

ration (13) • 

(III) Particle 3 is the 11 free" nucleon, leaving 1 

and 2 in the di-proton configuration (12). 

These three cases are indicated in the figures labeled 

(I), (II), and (III) in Figure A2. The convention of 

measuring the angles of (1) and (2) with respect to the 

beam axis is indicated, with positive angles for both in¬ 

dicating that both detectors are in the configuration 

illustrated while one negative angle will indicate that 

both detectors are on the same side of the beam axis. 

In case (I) proton (1) is detected in detector 1 and 

proton (2) in detector 2, with (2) resulting from the 

breakup of the deuteron configuration (23) with the exci¬ 

tation energy of the intermediate (23) state being 

From 2-body kinematics then, the initial breakup into 

(1) and (23) will be described by the energy and momentum 

equations: 

Energy equation: TQ +. Q « ET = Tx + Tg3 + Eg3 , 



Figure A2. Momentum diagrams of the 3 oases 

in which the d(p,2p)n reaction may proceed 

if deoay occurs via sequential 2-body break¬ 

up. The solid arrows indicate the momenta 

of the free nucleons while the dotted ar¬ 

rows indicate the momenta of the inter¬ 

mediate deuteron or di-proton configura¬ 

tion 



(Ill) 
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momentum equations: P0 = P^cosQ^ t P23cos©23 * 

0 = P^sin©^ - P23sin©23 * 

2 2 2 
thus} P23 = po + P1 " 2PoPlcos0l » 

*83 = (P°2 ' Pl2 " SI'oploos9l) ' 

Therefore: 

Thus there is only one solution for Eg3 at a given value of 

T , Q, G-j^, and T-^, and this solution is a function only of 

these parameters, as is T23> 

In case (II) the proton detected in counter 1 is taken 

to be the one that follows from the breakup of the deuteron 

configuration (13) which exists in the intermediate state. 

The kinematics for the initial breakup yield: 

mdilentum equations: PQ = 
P1300S®13 * P2

OOS02 » 

0 = P13sln©13 - P2
sin02 ' 

thus p13 = (V t P2
2 " 2P0P2COS©2) 

T - 2P0P2cos©2) 

Therefore: 



-27- 

Thus is a function of Tq, Q, Pg, and 9g. For a given 

counter arrangement, G-^ and Gg, we have seen above that 

for a proton entering counter 1 with momentum of P^, there 

are two solutions for the value of the momentum Pg in 

oounter 2, Thus we must oonsider both solutions in cal¬ 

culating E13 as a function of Thus for a particular 

value of T1? particle 2 will have energy Tg+ or Tg_ with 

corresponding momentum of Pg+ or Pg_, The two solutions 

for E^g will then bet 

E13+ = T0 
+ ^ “ T2+ " 2lJ^Po + ” 2PoI>2+oos02^ * 

B13- = To + Q " T2- " 25F[^Po + P2- " 2PoP2-oose2^ • 

For case (III) the intermediate state has the configu¬ 

ration (12), or a di-proton configuration. Again applying 

the kinematics for the initial breakup: 

Energy equation: TQ + Q, s E^ = T12 + E1g + Tg , 

momentum equations: P0 = Pi2
c°s9i2 + P3COS63 , 

0 s PigsinQ^g “ I*3Sin93 • 

But from the general 3-body equations: 

Po = pi®oa®l + P2cos®2 + P3C0S®3 » 

0 = P^sinGi - PgsinG2 - P3SinQ3 , 
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and ET * Ti + T2 ♦ T3 . 

Thus: Pg2 = £PQ - (P^cos©^ * PgCosSgTJ
2 

, v2 
+ (P1sin©1- P2sin02) . 

Now if y Z (P]LOOS0^+ P2QOS02) , 

£ z (P1sin01 - PgSinQg) , 

thenj P3
2 = <*o * 4 

And: 
* m, [(Po-^)2 

Also: P12OOS012 = y, 

so that 

P12sin012 = p , 

2 2 2 
P12 ' 

T1S = sfe'7'8 ^2) • 

Thus 
*1# = To f 11 - SJi O'" **“> - 4[Po -y)S ** 

But for a given value of T^, y and ft have two values, cor¬ 

responding to the two solutions P2+ and Pg^ for Pg. Thus 

the two solutions for E12 will be: 
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B12+ = To + ^ ^ ~ 8M3 E’O “ * 0* 3’ 

E12- - To * « - sfeO'-2 ^-2> - 5^CPo ->'-)2 +/®-2]- 

where y+ = P^cos©^ + Pg+cos©g , etc. 

In order to facilitate the plotting of the excitation 

energies and the kinetic energies of the two detected parti¬ 

cles, T-L and Tg, the energy to channel conversion relations 

were taken from the single parameter spectra, with two points 

along the energy to channel conversion line given for both 

sides (P and M) in terms of both energy and channel number. 

These values were then used by the Rice Nuclear Laboratory 

1401 computer, while calculating Tg, E13+, etc., to determine 

also the equivalent ohannel so that all the curves could be 

plotted direotly on the data curves. 
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APPENDIX II: TARGET PREPARATION 

Preliminary studies of the d(p,2p)n reaction were 

made using deuterated paraffin (cn^gn+g) 
as targets, with 

the paraffin deposited on thin oarbon foils for support* 

This target system proved undesirable for two reasons. 

First the peroentage of carbon in the resulting compound 

target is much greater than the peroentage of deuterium, 

which causes an undesirable thiokness of target for the 

amount of deuterium contained and also produces such high 

counting rates of elastically scattered protons from the 

carbon that the dead-time of the analyzer was significant 

end the number of accidental coincidence counts prohibi¬ 

tively high exoept for very low beam currents. Seoond, 

the deuterated targets prepared in this manner deterio¬ 

rated rapidly under bombardment by the proton beam so that 

again only very low beam currents could be used, even then 

with significant target deterioration. 

At present the targets used are prepared from deutera¬ 

ted polyethylene in the form of thin foils. The, advantages 

to this method are twofold. First the polyethylene is 

self-supporting so that the only oarbon in the target, 

other than that caused by the buildup due to the beam, is 

the oarbon in the polyethylene, whose chemical formula is 

(CgD4)X* Thus there will be less elastically scattered 

protons from cArbon and higher beam currents may be used. 

Secondly, higher beam ourrents may be used beoause the 
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polyethylene targets do not deteriorate nearly as rapidly 

as do the paraffin targets, although some deterioration 

does occur which must be considered in the data analysis* 

The targets are prepared from polyethylene shavings 

(supplied by Union Carbide Nuclear Company, Oak Ridge, 

Tennessee) by first dissolving the shavings in boiling 

carbon tetraohloride (CC14). Slight agitation and ad¬ 

dition of more CC14 as it boils off is usually necessary 

to completely dissolve the polyethylene. (Usual pre¬ 

cautions are taken to prevent excessive breathing of CC14 

fumes.) While this solution is still hot, a few drops 

are poured onto the surface of hot water (kept at about 

the same temperature as the solution) and the film that is 

formed may be picked up onto a target support directly. 

After drying, the foils usually require a drop or two of 

coil dope or glyptal around the edges to prevent the foil 

from falling off of the target holder. 
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