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RESONANT FINAL STATE INTERACTIONSIN

3He(d,tp)1H,2H(t,tp)n, and 3H(d,t.p)nREACTIONS

by

R. W. Newsome, Jr.

ABSTRACT

A cinematicallyunique two-psrsmeterexperimentwas used to search

for resonant interactionsbetween pairs of particles in the three-body final

states of the reactions studied. The center-of-massexcitation range was

from 20.5 to 29.3 MeV above the 4
He ground state for the t + p system,

4and from 21.0 to 29.1 MeV above the He ground state for the t + n system.

The reaction 3He(d,tp)1Hwith 15-MeV incident deuterons yielded a distinct

resonance in the t + p system at 21.5 k 0.1 MeV, with a width of approxi-

mately 1 MeV. For this same reaction with 20-MeV incident deuterons, the

peak cross section for this t + p resonance shifted to 22.0 i 0.2 MeV,

with a width of approximately2 MeV. There is weak evidence that this

latter resonance can be resolved into resonances at approximately21.6

and 22.2 MeV. Data from the reaction 3H(d,tp)n,which were obtained with

20-MeV incident deuterons, are also consistentwith the existence of a
4broad resonance in the t + p system at approximately22 MeV above the He

ground state. Thereaction %(t,tp)n wasrunwith 21-MeVtritons; however,

the breakup spectra are unfortunatelydominated by phase space and the

spectatorpole-t~e breakup of the deuteron. Evidence for other possible

resonances is inconclusive.

.

INTRODUCTION

Recent experimental1-6
and theoretical

T-10

studies of four-nucleonsystems have resulted in

the identificationof an unexpectedlylarge num-
11,12ber of virtual states.. Most of the quantita-

tive information concerningthe existence and prop-

erties of these resonances has been deduced from

phase-shift analysis of reactions which leave two
13-19

particles in the final state. In principle,

it should be possible to completely describe these

resonances in terms of extensive phase-shift anal-

yses. In practice,

sible to obtain the

however, it is often.not fea-

comprehensiveset of data re-

quired for uniqueness.

Reactions which lead to three particles in

the final.state are much more complicatedboth

theoretically and experimentally. In general,

however, the center-of-massexcitation energy of

resonant two-partitle final-state interactionsmay

be determined,to within the resonant half-width,

via cinematicallyunique two-parametermeasure-

ments of three-particlebreakup reactions. The

3



yield of quantitativespectroscopicinformation

from such measurements is currently inhibited by

lack of adequate understandingof the interplay

between the reaction mechanisms and the final-

state interactions.Nevertheless,the two-particle

resonances observed by means of these more compli-

cated three-particlebreakup reactions are poten-

tially very useful.as both a check of and a chal-

lenge to predictionsbased on interpretationsof

the simpler two-body breakup reactions.

The work described here was first reported

in Ref. 20. It is the result of cinematically

unique two-parametermeasurementsof several.three-

body breakup reactions. A search was made for

center-of-massenergy-invariantenhancementsin

the measured cross sections correspondingto reso-

nant interactionsbetween any two of the three

breakup particles. The range of excitation ener-

gies covered by these measurements for the t + p

system extended from 0.7 MeV, just above the well-
4

confirmed first excited state in He which is ap-

proximately 0.2 MeV above the t + p breakup, to

aPProxtiatelY9.5 MeV above the t + p threshold.

The correspondingexcitation range for the t + n

system extends from about 0.5 to about 8.5 MeV

above the t + n rest mass.

Several.of the three-body final-state systems

consideredhave also been investigatedin other

one-
1-6

and two-parameterexperiments. In parti-

cular, the detection of only one of the three

breakup psrticles has been demonstratedto be ex-

tremely sensitive to two-particleresonance forma-

tion at low excitation above the t + p breakup

5’6 The correspondingresonance of thethreshold.

first excited state in “He is narrow enough so

that the state of the final system is effectively
2,536 A kin~atic~y

two, ~d not three, particles.

unique two-parameterexperiment is, however, much

more sensitive to resonance formation at high ex-

citation where resonances are expected to be very

wide, correspondingto very short interaction

times.

EXPERIMENTALMETHOD

A 3.8-cm-dism gas target was used. This

target and the AE-E particle detection telescopes

were inside a 51-cm-diamvacuum chsmber. The en-

trance and exit beryllium foils for the gas target

were, respectively,25 and 13 P thick. Target

pressures were typically 300 mm of Hg. Beams of

15.21- and 20.175-MeV deuterons, and 21.35-MeV

tritons were obtained from the Los A.lamesthree-

stage tandem Van de Graaff facility. The beam in-

tensity was varied from 50 to 300 nA, with the

lower rates for small detector angles used to a-

vo~d pulse pileup. No correctionswere made for

energy loss in the target gas because this loss

was generally comparable to the small uncertainty

in energy loss due to the approximately10% un-

certainty in the exit window thickness.

The AE-E counter telescopeswere solid-state

detectors. The E detectors were 2000-u thick

lithium-driftedsilicon or, alternatively,several

surface barrier detectors were ganged to produce

the required stopping power. The AE detectors

were surface barrier types 50- or 1OO-V thick.

These AE detectors were either oriented or mounted

at 15° to minimize channeling. For several of the

data runs, only one AE-E telescope in conjunction

with a single E detector was required to uniquely

identi@ both particle masses because the two-

parameter coincidencerequirementuniquely resolved

the kinematic locus of interest. For high count-

ing rates, however, a redundant mass identification

with AE-E telescopes on both detection systems was

useful in eliminatingchance coincidences in the

mass selection circuits.

The outputs of the AE-E telescopes were fed

into analog computers
21

which, in conjunctionwith

appropriate differentialdiscriminatorsand S1OW

coincidence circuits, are referred to as mass i-

dentifiers in Fig. 1. The fast coincidence timing

circuits were zero-crossoverunits whose outputs

were fed into a time-to-pulse-heightconverter.

The timing resolution over the full range of pu.l.s-

height amplitudeswas approximately40 nsec. This

was more than adequate because the angles were

chosen so that the elastic background was off-

scale in the two-parameterplane of interest. Chance

coincidencecorrectionswere generally less than

15% of the primary data.

4
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The output of the time-to-pulse-heightcon-

verter was then fed into two differentialdiscrim-

inators. The outputs from these discriminators

were summed and used to gate a RIDL 256-channel

analyzer. As shown in Fig. 1, this analyzer was

used to monitor the integral number of “true” and

“chance” events.

The AE-E signals were also summed and gated

with a slow coincidencerequirementbetween the

output of the mass identifier and a “true” or

“chance” output from the time-to-pulse-heightcon-

verter. The gains for the AE and E signals were

balanced, and the energy scales for the sum AE+E

were calibratedby elastic scattering. These en-

ergy scales were cross-checkedfor consistency

with the loci of the two-parameterdata for several

sets of angles. The “zero” for the angular set-

tings was determined by requiring equal elastic

scatteringintensity on both sides of the beam.

The quality of the mass identificationwas

constantlymonitored with a storage oscilloscope.

The vertical.axis of the display was proportional

to the energy, E, and the horizontal axis was pro-

portional to the mass. This time-integratingdis-

play was most useful for setting discriminators

and for detection of counter deterioration.

The output from the “chance” discriminator

was used to route the chance events into a separ-

ate 64K64-channelarray in the memory bank of an

SDS-930 on-line computer. To conserve the storage

space in the available 12 k memory bank, the stan-

dard 24-bit words were split in half, with the

true events in the first half of each word and

the chance events routed into the bottom half. In

this manner two 64x64 arrays could be stored with

only 4 k words from the memory bank.

A computer program was written for the on-

line SDS-930 computer which permitted the follow-

ing major options: 1. storage of the original

data on a high speed magnetic tape, 2. a two-

dimensional computer-controlleddisplay, and 3.

a print-out of any of three 64x64-channeldata

arrays in 45 sec. The three possible data arrays

are (a) the “true” array, (b) the “chance” array,

and (c) the net array obtained by computer sub-

traction of the “corrected chance” array from the

“true” array, The “corrected chance” array is the

product of the “chance” array multiplied by a scal-

ing factor which is unity if the widths of the

“true” and “chance” gates are equal.

A supplementarycomputer program was often

used for more detailed analyais. This progrsm per-

mitted the computer to take the “chance” corrected

data from a storage tape and make the pro~ected

data sums on the horizontal and vertical axes. The

energy calibrations for the two axes were also fed

into the computer. This program then permitted

the computer to calculate, channel by channel, the

complete kinematics for the three-body breakup

reaction of interest. The program was based on

the composite summary of the appropriate kinematic
22

equationsby Ohlsen. The projected data for both

reactions could also be plotted with error flags

obtained from the counting statistics. Complete

print-outs of the “chance” corrected-dataarray

and plots of these projected data along with com-

plete kinematic analyses were thus available ap-

proximately 5 min. after any run.

DATA ANALYSIS

The data and some of the kinematic curves are

presented in Figs. 2 through 18. The measurement

of absolute cross sections was not an original goal

of these exploratory experiments,but the data ap-

peared consistent enough to Justify such a deter-

mination. In making the solid-angle corrections,

it was consistentwith the accuracy of the data to

use only the first-orderterms from the analysis
23

procedure formulatedby Silverstein. A graphical

integrationwas made of the intersectionof the

beam and the active volumes defined by the collim-

ators for the two detection systems. The size

and location of the beam spot were determined with

burns on photographicprint paper, and the beam

collimatorswere then adjusted to conform to and

maintain this beam configuration. Optical tech-

niques were used to align the detector collimators

to less than half a degree,

In the relevant kinematic equations, the three

particles in the final state are designatedby the

numerals 1, 2, and 3. The center-of-massinter-

action energy for the particle pair (2,3) is given

by22

5



‘3 =E:ot-(?~2?)E:’(m2*3)’ (1)

c
‘here‘tot represents the total center-of-mass

energy, and E; is the center-of-massenergy of

particle 1. The other alternatives (i.e., E31 and

E12) are obtainableby permuting the subscripts in

Eq. (l).

The linear density of states projected along
22the El energy axis is given by

-6
h ~~2m3plP2d~ldfjdQ2

P1(E1)d.E1Ql~2 = ‘ (2)
(m2+m3)+[m2(p1-P)”~21/~~.-

‘here ? = PI + E2 + E3* and d!lland df12are the

solid angles subtendedby the two detection sys-

tems.

Let us now assume that the differentialcross

section for projection along the El axis is of the

form22

(3)

where v
P
and kp are, respectively,the mass and

momentum for the incident projectile;y represents

the nuclear matrix elements; and pl(E1) is the

projected phase space on the El axis. In the Eti-

plest approximation,the matrix ~ is independent

of El. For such a situation,the measured cross

section divided by phase space should be a con-

stant.

The Reaction 3He(d,tp)%

The data for this reaction are shown in

Figs. 2, 4, and 6 through 9. The incident deu-

teron energy, after correction for loss in the en-

trance foil, is 15 MeV for Figs. 2 and 4 and 20

MeV for Figs. 6 through 9. These data have been

corrected for chance events, end the vertical

error bars are based on counting statistics.

In Figs. 2 and 4, the .sdid curves were ob-

tained by dividing the measured data points by

the appropriatephase-space function. A smooth

curve was then drawn with en arbitrary verticsl

scale factor.

Owing to beam misalignment,the absolute

cross sections, on the right-handvertical scale,

have large errors (~ i 70%). However, the rela-

tive cross sections for the four curves in Figs.

2 and 4 are believed to be accurate to within k20%.

The beam was well centered for the other data runs,

,and absolute errors were subsequently reduced ko

approximately ?30$.

In Figs. 2 and 4, arrows A, B, C, and D rep-

resent the approximate centroid of the broad reso-

nant curves. Arrows 21.6 and 22.2 indicate center-

.of-massexcitation energies in MeV above the ground
4

state of He. The unbracketed numbers indicate

the center of mass of the particle pair (1,2),

whereas the numbers in parentheses indicate the

center of mass of the pair (3,1). The symbol

E3L(MIN) indicates a minimum in the laboratory

energy of the unobserved particle (I.e., 3). The

importanceof this quantity will be noted later.

The symbol P(W) indicates a maximum in the pro-

jected phase space.

In Fig. 3, the lab.energy of the third P~ti-

cle is plotted on the right-hand vertical scale,

and.the left-hand vertical scale designates the

center-of-massexcitation energies of the three

different sets of final-stateparticle pairs. The

outgoing particles in the final state axe labeled

1, 2, and 3 for the triton and the two protons,

respectively. Arrows marked A, B, C, and D refer

to the approximatemaxima in the cross sections

for the curves in Fig. 2. Of the three center-of-

mass energies, AE12 has the smallest magnitude,

correspondingto the different positions of the

four resonant maxima. The particle pair (2,3),

correspondingto the two protons, has a very large

energy AE23, which makes it an unlikely candidate.

Although AE31 is relatively small, subsequent data

at higher incident deuteron ener~ can be used to

verify the choice of E12 as the appropriate inter-

action energy pair. The average E12 position for
4

these maxima iv 21.5 i 0.1 MeV above the He ground

state. This agrees extremely well with the phase-

8hiftpredicted value140f21.6MeV. Note ;hat

the t + p rest mass is 19.81 MeV above the He

ground state. The data taken at the smallest an-

gles in both Figs. 2 and 4 also tend to confirm

the existence of a second level at approximately

22.2 MeV. There is further evidence for this level

in the higher energy data.

.

.



In Fig. 5, the projection on the proton lab-

oratory energy axis, E2L, is plotted. In place

of the curves for E3L, which were plotted in Fig.

3, are the kinematic curves, E.lL,for the triton

lab energy as a function of the proton lab energy.

The results in Fig. 5 are consistentwith those

in Fig. 3.

In Figs. 6 throLlgh9 are the data for the

reaction 3He(d,tp)% with 20-MeV incident deuter-

ons. For these and subsequent figures, the pro-

Jected phase space is plotted explicitly in the

dashed curves with an arbitrary scale factor. Note

that the data at the top of Fig. 6 deviate dis-

tinctly from the shape of the phase space. The

additionalwidth and the shift to higher energy

of the maximum in the cross section of this reso-

nance, as compared with the lower energy data,

may be due to the presence of a third level in
4
He at,22.2 MeV as predicted from the phase-shift

14
analysis of scattering data.

In Fig. 7, the same data which were projected

along the triton axis in Fig. 6 are projected a-

long the proton axis.

Figure 8 shows additional data for 20-MeV

incident deuteron energy. Special attention is

directed to arrow R in the middle data plot. This

position on the triton axis is significant in that

the center-of-massinteractionenergies for all

three pairs of final-stateinteractionsare ap-

proximately the same. This anomaly is also no-

ticeable in the data when they are projected along

the proton axis in Fig. 9. Occasionally,small

peaks were also noted when only two interaction

energies had the same value. In general, however,

these effects were not consistent enough to permit

verificationas reel phenomena.

The Reaction 2H(t,tp)n

The data in Figs. 10 through 13, 15, and 16
2

are from the reaction H(t,tp)n with 21-MeV inci-

dent tritons. These data are dominated by huge

peaks due to the spectator pole-type breakup of

the deuteron. Similar direct-reactiontype break-
24

UP has been observed in the reaction
16
0(a,2a)”C.

These peaks were found to occur whenever the lab-

oratory energy of the unobserved third particle

(i.e., E3L) goes through a minimum. The detailed

kinematics associated with this phenomena are pre-

sented in Fig. 14 for the data in Figs. 12 and 13.

There axe also several peaks due to the asymptotic

increase of the projected phase space. In Fig. 15,

numbers without parenthesis are representative

t + p center-of-massexcitation energies above the
4
He ground state. Numbers in parenthesis are rep-

resentative t + n center-of-massexcitation ener-

gies. Figure 16 shows a check made on the consist-

ency of the absolute cross-sectiondetermination.

The triangles indicate data from a narrow slit sys-

temwith ~ = 6.o5 x 10
-4

sr and Q = 8.56 x 10-4
P

sr. The dots indicate data taken with a wider
-3slit system with Qt = 1.26 x 10 and Q

P
= 1.67 x

10-3 sr. The differencebetween the two sets of

data is well within the estimated accuracy for the

cross-sectiondetermination.

The Reaction 3H(d,tp)n

The data for this reaction are shown in Figs.

IT and 18. The incident deuteron energy, after

correction for energy loss in the entrance foil of

the gas target, was 20 MeV. The data at the top

of Fig. 17 are very similar in overall yield and

spectral shape to the 3He(d,tp)1Hdata at the top

of Fig. 8. The dashed curve represents the pro-

jected phase space plotted on an arbitrary verti-

cal scale. The data at the tops of Figs. 17 and

18 are clearly in disagreementw_Lththe shape of

the proJected phase space. The more or less non-

descript data in the two lower sections of Figs.

17 and 18 indicate that the resonant yields at

this energy are much more clearly observed at small

angles with respect to the incident beam.

suMMARY

The location and approximate full width at

half-maxhnuoas a function of the three possible

pairs of final-statecenter-of-massexcitation

energies for all observed peaks are summarized in

Figs. 19 and 20. The long lines in these figures

denote the center-of-massexcitation energy ranges

for the three pairs of particles in the final

state. Open boxes denote the approximate full

width at half-maximum of the resolvable peaks.

Solid boxes represent a double-valuedregion for

the center-of-massexcitation energy. Arrows show

the positions of peaks in the cross section, and

‘7



dashed arrows indicate the positions of question-

able peaks. Each set of angles has a pair of

these lines end boxes, with those at the top rep-

resenting the triton projections and those at the

bottom, the proton pro~ections. The enerm-level

diagram at the bottoms of the figures are based

primarily on phase-ahlft analysis of scattering

data?4 In Fig. 20, the solid dots at the bases

of some of the arrows denote minima in the energy

of the unobserved third particle which are asso-

ciated with direct-reactionspectatorpoles.

From the combinationof the 15- and 20-MeV

data for the reaction 3He(d,tp)1Hin Fig. 19, it

is apparent that the observed resonance ia in the

vicinity of 22 MeV, not at 26 MeV. It is probably

coincidentalthat the positions of the partially

resolved structure in some of these resonant peaks

match the predictions for the location of the sec-
lk

ond and third levels in 4He to better than the

half-width of these levels. It must be remembered

that the position at which the resonant phase

shift goes through 90° does not necessarily coin-

cide with the maximum in the resonance cross sec-

tions.

The data with 15-MeV incident deuterons have

a maximum at 21.5 i 0.1 MeV, and the corresponding

20-MeV data have a maximum at 22 i 0.2 MeV above

the 4He ground state. The center-of-masswidths

of these levels are approximately1 and 2 MeV,

respectively. It is intereatingto note that a

two-parameterexperimentwith the reaction
23
H( He,tp)% by Parker et al.

1
yielded a resonance

at 21.24 & 0.2 MeV with a width of 1.1 * 0.2 MeV.

Thie is to be compared with the results of a one-

parameter experimentby Williems2 in which the

reaction 4He(p,p!)4He*yielded a resonance at

22.00 i 0.14 MeVwith a width of 2.4 * 0.5 MeV.

The data presented in this paper indicate that

these differencesare due to poorer resolution of

the one-parameterexperiment.

The data from the reaction 2H(t,tp)n is so

dominated by the spectator-polebreakup of the

deuteron that no reliable interpretationof final-

state interactionscan be extractedwithout a de-

tailed theory for the characteristicsof this

breakup.

8

The data from the reaction 3H(d,tp)n are mea-

ger, but there is good evidence at one set of an-

gles for a final-statet + p resonance at about
4

22 MeV above the ground state of He.

Evidence for the existence or nonexlatence Of

resonances at higher energies
1.1,12,25

was incon-

clusive. No evidence for rescatteringphenomena

was observed.26-28
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