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b-delayed deuteron emission from6He
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The b delayed deuteron decay of6He has been measured at the TISOL facility at TRIUMF. For the
b-particle measurement a silicon-germanium telescope array has been used. To separate deuterons froma
particles and to obtain the spectral form of the deuteron decay, ad-a coincidence technique has been employed
using two opposite silicon detectors. Theb branch has been determined from the geometry of the experiment
and also by comparison with the well-knownb-a decay modes of16N and 8Li. A branching ratio of (1.8
60.9)31026 above theb cutoff ~350-keV deuteron laboratory energy! and (2.661.3)31026 for the entire
spectrum has been determined for this decay. In the course of the measurement the half-life of6He has been
remeasured to beT1/250.81060.008 s. High statistical accuracy in the deuteron spectrum has been obtained
that allowed a comparison of the shape of the deuteron spectrum to theoretical predictions.
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I. INTRODUCTION

The decay of6He (T1/25807 ms) has been well studie
for its strong ground state to ground state Gamow-Te
~GT! b transition@1#. It has also been found@2,3# that 6He
decays weakly byb-delayed deuteron emission, namely,

6He→6Li* →4He12H. ~1!

This is of some interest not only because this is the o
reported case of such deuteron emission, but also becaus
6He nucleus has been the focus of considerable attention
candidate nucleus for having a neutron halo or skin.

Various theoretical reports have suggested that both
observed branching ratio and the observed particle en
spectra could be of value in understanding the structure
this interesting nuclide@4–8#. Unfortunately, the two previ-
ous determinations@2,3# of this rare decay mode are no
consistent with respect to the measured branching ratio,
the published particle energy spectra lack the statistical
curacy necessary for a conclusive theoretical interpretati

In the present paper, the branching ratio of theb-delayed
deuteron decay has been remeasured and a deuteron
trum with much higher statistics has been obtained. In ad
tion, the half-life of 6He has been redetermined.

II. EXPERIMENTAL DETAILS

A. 6He production and implantation

An ion beam of the radionuclide6He was produced using
the thick target, on-line isotope separator TISOL located

*Present address: Georgetown University, Washington, D.C.
†Present address: TRIUMF, Vancouver, BC, Canada.
‡Present address: University of Notre Dame, Notre Dame, IN
§Present address: Lawrence Berkeley Laboratory, Berkeley, C
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the TRIUMF cyclotron facility in Vancouver, Canada@9–11#.
A thick target ~48 cm! of graphite powder was bombarde
with 500-MeV protons. With the target heated to abo
1500 °C, helium diffused into an ECR~electron cyclotron
resonance! ion source. Singly charged6He ions were ex-
tracted at 12 keV, mass analyzed (M /Dm'500), passed
through a 8-mm collimator and the resultant beam depos
onto a thin graphite collector (35mg cm22 to allow full
stopping of all beam particles!. The 6He beam had an inten
sity of 107 particles/(smA) of production protons with the
proton beam on target being 1mA or slightly above.

The carbon implantation foils were mounted on aluminu
cards, positioned on a rotatable wheel. Three separate d
tor stations were located at successive 90° intervals from
ion implantation position. The wheel was designed to rot
the 6He implanted foil from the collection position throug
to each detector position before being reexposed to the
beam. At any given time one foil was being implanted w
activity while decay events from the other three foils we
recorded at each detector station. In general, the wheel h
ing time at the implantation/detection positions was set
about 1.1 s while the time interval for each rotation w
between 0.2 and 0.25 s. Therefore, only the first dete
station after rotation from the6He implantation yielded par-
ticle numbers with high statistics.

B. Detector systems

Figure 1 presents a schematic representation of the co
tion and detector arrangement~more details on the collecto
device can be found in Ref.@12#!. At each of the three de
tector stations, each of them 90° apart~only the first one is
shown in Fig. 1!, the 6He sample was rotated between a p
of coaxial, opposite facing, charged particle Si detectors..
©2002 The American Physical Society10-1
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the first detection station, these were thin (10.6mm @D1#
and 30 mm @D2#, 50 mm2) Si surface barrier detector
with their thicknesses chosen to preferentially detect low
ergy a and deuteron particle events in the presence of
high intensityb field. In fact, the setup of the inner detecto
is identical to those of Ref.@13# ~Fig. 2 there!. The distances
were 5.5460.90 mm forD1 and 5.3560.22 mm forD2,
respectively, from the central foil position, the difference
error resulting from the respective accessibility of the det
tors.

In addition to the particle detectors, the first particle d
tection position~which is the only one used in the analysi!
housed ab telescope consisting of a thick (500mm) surface
barrier Si detector (14.4860.30 mm distance! and a 1-cm-
thick Ge crystal mounted to the liquid nitrogen trap@13# at a
distance of 42.2061.1 mm.

C. Electronics

Energy and timing signals were generated from all det
tors using standard electronics, some of them CAMA
based. Signals passing preset pulse height~energy! windows
in any of the thin particle detectors were used as a ma
start for particle events, with a veto based upon wheel mo
ment and computer busy to eliminate noise effects. Eve
were processed on an event by event basis for subseq
analysis.

Signals in theDE and E components of theb telescope
were generated in a similar fashion and also generate
trigger in the CAMAC based data acquisition system. T
was done by a hardware coincidence between theDE andE
b detectors producing validb events as triggers along wit
recording the energy response. For the6He and16N runs the
b events were prescaled by a factor of 100; the event
before prescaling was of the order of 103 s21.

A precision pulser was used to monitor detector drift a
gain changes for all experimental runs. In addition, pile
with b particles will lead to a high energy tail of the puls

FIG. 1. Schematic setup of this experiment. The carbon col
tor foil is mounted on a wheel and moved periodically.D1 andD2
label the thin silicon detector fora andd detection,DE andE label
the b telescope. Distances in the drawing do not necessarily s
with the dimensions of the setup.
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peak. While such a tail was observed, its magnitude is n
ligible.

D. Radioactive beam purity and the half-life of 6He

Given the nature of the experiment it is important that t
presence of anyb emitting isotopes other than6He be very
low. The purity of the collected ion beam was studied
measuring the activity of the collectedb particles as a func-
tion of time. The observed half-life wasT1/250.810
60.008 s in excellent agreement with the literature value
0.806760.0015 s @1#. In addition, during all studies the
holding time of the wheel at any position was set such t
the detectors in the last positions monitored any long liv
b-delayed particle activities during actual data taking. Th
were nob-delayed particle emitters present except for6He
~see Sec. III B!.

The entire detection system was mounted in a vacu
chamber~pressure'1026 Torr). The presence of a cold
trap in front of the collection foil minimized any carbo
deposits on the collection foils.

III. DATA ANALYSIS I: THE PARTICLE SPECTRA
AND NUMBER OF DEUTERONS

A. Energy Calibration of particle spectra

Neither the low energya particle nor the deuteron spec
trum can be calibrated using known radioactive sourc
Therefore, the following procedure was chosen: Care
SRIM @14# calculations were performed both for mappin
the implantation profile of the6He ions as well as to calcu
late the energy loss ofa particles and deuterons in the ca
bon collection foil and the dead layer~Au! of the detectors.
Then these calculations were used to determine the en
deposited from theb-delayeda particles emanating from
18N ~1.081 and 1.409 MeV! as well as a148Gd source~3.182
MeV!. The energy loss calculations gave a deviation fro
linearity between these three lines that agreed with expe
tion. For the thin (10mm) detectorD1 this cross check was
not possible, because thea particle from the148Gd source
broke through the active layer. The continuous deuteron
a spectra were then calibrated using the source lines
rected for energy losses and the actual calculated en
losses~foil and dead layer! at a given energy.

B. Particle spectra and deuteron numbers

The final deuteron anda spectra were produced in a sim
lar way as described in Ref.@13#, i.e., coincidences betwee
the deuteron and the recoilinga particle were recorded. Con
tour plots of the resultingD1-D2 coincidence spectrum ar
shown in Fig. 2. Clearly,d-a anda-d coincidences are sepa
rated down to an energy where theb background, induced
by random coincidence events, becomes overwhelming.
similar manner to Ref.@13# a ratio cut can be made on th
coincidence spectra and single deuteron ora spectra can be
derived. The deuteron spectrum recorded in detectorD2 is
shown in Fig. 3.b-induced background becomes domina
for a center-of-mass~c.m.! energy below 400 keV.
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b DELAYED DEUTERON EMISSION FROM6He PHYSICAL REVIEW C 65 034310
The shape of this background contribution is determin
by making a cut at a high ratio where nod-a coincidence
events are present. It is consistent with a decaying expo
tial function. For an initial estimation of the branching rati
a cut was placed at 350-keV deuteron laboratory ene
~525-keV cm energy!, above which theb-induced back-
ground is small. In 12 runs 4468 deuteron events were
corded in detectorD1 and 4316 events in detectorD2 above
this energy. High energy deuterons, however, penetra
through the active layer of detectorD1, making the spectrum
unsuitable for fits.

Any contaminants fromb-delayed particle emitters othe
than 6He should show at different ratio lines than the on
for 6He in Fig. 2. In addition, there are no knownb-delayed
particle emitters other than6He whose maximum experi
mental decay energy is only about 1 MeV. Any know
b-delayed particle emitter should show higher energy eve
than are present in the data.

FIG. 2. Contour plot of the coincidence spectrum between
tectorsD1 andD2. The lowest contour levels are for 1, 20, 50, 10
and 200 events, respectively.

FIG. 3. Deuteron spectrum as recorded in detectorD2 in a
coincidence withD1. An energy calibration as described in the te
is applied.
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IV. DATA ANALYSIS II: RELATIVE EFFICIENCIES
AND THE b-DEUTERON BRANCHING RATIO

A. Efficiency calibrations for the b-particle branching ratio

The branching ratio~BR! has been determined using th
expression

BR5
Ndeb

Nbbconedec
, ~2!

where Nd is the number of detected deuterons~above 350
keV!, eb the efficiency forb detection,Nb the number of
detectedb particles,bcon the b conversion factor, i.e., the
ratio of total b particles to above thresholdb particles,ed
the efficiency for the deuteron detection, andec the coinci-
dence efficiency of detected deuterons relative to sin
events. Therefore, several efficiencies or ratios of efficienc
needed to be determined, in particularbcon ,eb /ed , andec .

Theb particles were detected in coincidence between a
DE detector of 500mm thickness and anE Ge counter of 1
cm thickness. For noise and count rate reasons a lower
tection threshold was present. This threshold was determ
from energy loss calculations of theb particles for theDE
detector and the energy calibration of the Ge detector vig
sources. Theb-detection threshold was determined to be
8106100 keV. Employing the theoretical form of theb
spectrum,bcon was found to be 2.0260.32 for 6He.

The a particles and the deuterons were distinguished
using a recoil coincidence technique as described in Ref.@13#
and discussed in Sec. III B. While the coincidence betwe
thea particle and the deuteron is kinematically enforced,
coincidence efficiency is less than the single detection e
ciency for each particle for solid angle reasons. However,
ratio between the single detection efficiency and the coin
dence detection efficiency can be relatively easily de
mined by taking the ratio of the number of events above
b-noise anda-particle level1 in each run for single and co
incidence events. This is similar to the procedure applied
Ref. @13#, Fig. 11 there. Other coincidence efficiency tests
Ref. @13# also apply for this experiment. Figure 4 shows t

1Low energya particles are shifted downward in pulse heig
relative to deuterons.

-
,

FIG. 4. Ratioe of single to coincidence spectrum counts for 4
ADC channels integrated for one of the data collection runs~detec-
tor D2).
0-3
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D. ANTHONY et al. PHYSICAL REVIEW C 65 034310
ratio of coincidence and single events for one of the runs
40 analog-to-digital converter~ADC! channels integrated. I
shows that the coincidence efficiency stays constant dow
an ADC channel of about 200; below this channel the sin
spectrumb tail lowers the ratio. Only data where the coi
cidence efficiency was known, i.e., above 350 keV in
center-of-mass system, were used in the analysis, see
III B. The coincidence efficiency was determined for ea
run; a table of the coincidence efficiency for each relev
run can be found in Ref.@12# of the 12 runs used in the fina
analysis. The coincidence efficiencyec and the detected deu
teron number show some correlation, while their respec
ratio stays constant. This indicates some fluctuations in
implantation position, see Sec. IV C.

The efficiency ratioeb /ed has been determined in tw
principal ways:~i! by calculating the solid angle of the entir
detection system, and~ii ! by using the knownb-particle
branching ratios of8Li and 16N. The solid angle calculation
shows that the smaller solid angle of theE detector domi-
nates the result for theb detection. For detectorsD1 andD2
the coincidence efficiency ratioeb /ed is found to be 0.11
60.05 and 0.1160.02, because detectorD2 ~with the
smaller error! is more easily accessible, see Sec. II B.

The source method required that the ratio of accepte
total number ofb particlesbcon was calculated from a the
oretical spectrum as described above for the two refere
isotopes. For the decay of16N the dominant decays to th
ground state and the second excited state of16O were taken
into account (bcon51.3360.18). Theb-a branching ratio
of Ref. @15# (1.260.05)31025 was used. With this the ratio
eb /ed is found to be 0.07860.019 and 0.11160.028 for de-
tectorsD1 andD2, respectively.

Because the ECR source was used in the runs,8Li was
implanted into the collector foil using8He ions@T1/2(

8He)
50.119 s,T1/2(

8Li) 50.8403 s#. Decay curves were take
and after an appropriate time the then largely8Li decay was
sampled. Corrections for possible8He b events were ap-
plied, in addition.bcon was determined to be 1.0460.01
because of the highb-decayQ value of 8Li. Then eb /ed is
found to be 0.09360.009 and 0.14060.015 for detectorsD1
andD2, respectively.

While the deviations between these three determinat
of the efficiency ratioeb /ed is at the most on the 2s level, it
is most prudent to treat them as three independent mea
ments irrespective of their~smaller than the deviations! indi-
vidual errors and include all measurements within one s
dard deviation. Then forD1:eb /ed50.09460.017, and for
detectorD2:eb /ed50.12060.020.

The total number ofb particles detected in the 12 run
was Nb52.88733108. Individual runs were, however
evaluated separately.

B. b-d branching ratio above the b cutoff

To calculate the branching ratio~Eq. 2! all 12 runs were
evaluated. With the errors added in quadrature, the total
ficiency corrected, number ofb decays is calculated to b
(23.465.6)3108 and (23.865.5)3108 for detectorsD1
andD2, respectively, both numbers being highly correlat
03431
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This gives branching ratios for deuterons with energy ab
the b-noise cutoff of 350 keV (1.960.5)31026 and (1.8
60.4)31026. Averaging and using the most conservati
assumption, we obtain (23.665.8)3108 as the total number
of b decays and (1.860.5)31026 as the branching ratio
above 350 keV of deuteron energy.

C. Systematic errors

Systematic errors were evaluated by varying the best
ues of the parameters that determine the branching ra
These systematic errors include theb-detection threshold,
random coincidences between the particles, several geo
ric effects such as variation in the implantation point and
beam spot diameter, variations in the foil positioning b
tween the detectors, and possible nonlinearities in the
ticle energy calibration@12#. The largest errors found fo
bothD1 andD2 are resulting from theb-detection threshold
(0.431026) and geometrical factors (0.531026). With all
errors added in quadrature, the systematic error in
branching ratio is found to be 0.731026. The final branching
ratio above 350 keV~laboratory! is then (1.860.9)31026.
This is appreciably less than the previously reported value
(7.660.6)31026 @3#, which superseded the earlier value
(2.860.5)31026 @2# for deuterons above 250 keV.

V. R-MATRIX FITS AND THE TOTAL b-PARTICLE
BRANCHING RATIO

In Ref. @16#, the branching ratio and deuteron spectru
measured in Ref.@3# were reproduced in anR-matrix calcu-
lation that included both internal and external contributio
to the GT matrix element. We use the same approach t
the present data, using formulas from Ref.@16#. The deuteron
spectrum is given by the one-level (6Li ground state!, one-
channel (4He1d,l 50) approximation ofR-matrix theory,

N~E!5 f b~E!P0~E!

3
B1G

2 ~E!g1d
2

@E12g1d
2 $S0~E!2B0%2E#21@g1d

2 P0~E!#2
,

~3!

where the GT matrix elementB1G(E) is a function of the
c.m. energyE, due to the inclusion of the contribution from
the channel region (r .a, wherea is the channel radius!. It
can be written as

B1G~E!5c1

11c2

1

aEa

`

Ei~r !Ef~E,r !dr

@11g1d
2 dS0~E!/dE#1/2

, ~4!

whereEi(r ) and Ef(E,r ) are radial wave functions for the
initial and final states, normalized to unity atr 5a. The pa-
rameterc2 is defined by
0-4
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c252u iu fmi f /Mi f , ~5!

whereu i andu f are the dimensionless reduced width amp
tudes of the initial6He and final 6Li states,mi f is the GT
matrix element for a 2n to d transition, andMi f is the inter-
nal part of the GT matrix element for the6He to 6Li transi-
tion. The constantc1 is determined by fitting the total num
ber of b decays. The two remaining parameters arec2 and
u f

2 . In Ref. @16#, these were chosen to fit the measur
branching ratio and the4He1d s-wave phase shift at a par
ticular energy. As the internal and external contributions
the GT matrix element are of opposite sign forE.0, there
are, for each value ofa, two solutions forc2 corresponding
to the internal contribution being greater than@case~a!# or
less than@case~b!# the external contribution. The deutero
spectrum of Ref.@3# was not sufficiently precise to allow
clear preference for~a! or ~b!, or for a particular value ofa.
The present deuteron spectrum has better statistics,
makes possible a least-squares determination of the pa
eter values. The normalization of theb-background contri-
bution ~which is a decaying exponential function!is taken as
an additional adjustable parameter. The fit is made to
spectrum withE>0.365 MeV. Also, included in the fit are
values of the4He1d s-wave phase shift taken from Re
@17#, for E52.00–3.89 MeV, with arbitrarily assigned e
rors of 63°.

The best fit is found for case~a! with a54.14 fm, with
the parameter valuesu f

250.0559 andc250.0509 and a tota
x2 value of 113 for the deuteron spectrum~148 data points!.
The fits to the deuteron spectrum~with background sub-
tracted! and to the phase shift are shown by the solid cur
in Figs. 5~a! and 5~b!. Integrating over the whole deutero
spectrum and allowing for the uncertainty in the total num
of decays gives the branching ratio for6He b-delayed deu-
teron emission as (2.661.3)31026 with the error scaled
from the branching value above 350 keV. The error result
from the extrapolation of the spectrum is expected to
small compared to the other errors.

The parameterj introduced in Ref.@3# can be written as

j5
u i

u f

mi f

M i f
5

c2

2u f
2

, ~6!

so that the present fit givesj50.455. The6Li spectroscopic
factor Sf may be calculated from Eq.~21! of Ref. @16#, with
the single-particle dimensionless reduced width evaluated
a Woods-Saxon potential~as given in Ref.@4#!; this gives
Sf50.090. Experimental values ofSf obtained in other ways
are much larger than this; e.g., 0.8560.04 from
4He(d,g)6Li @18#, 0.42 from 4He(d,d)4He @18#, and
0.76–0.84 from6Li( p,pd)4He @19#.

Values ofSf from fits to the present data are somewh
larger for larger values ofa; e.g., fora54.5 fm, one obtains
Sf50.116. This fit is shown by the dashed curves in Fi
5~a! and 5~b!. The fit to the spectrum is almost identical
the best fit, whereas the fit to the phase shifts of Ref.@17# is
much poorer; it agrees well with the earlier phase shift val
from Ref. @20#, which are also shown in Fig. 5~b!. A larger
03431
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value of Sf might be possible, if contributions from th
5.65 MeV 11 level of 6Li were included; these could b
significant for the phase shift, but would not be expected
be important for the deuteron spectrum, because the GT
trix element for this state is calculated to be very small.
u f

2 is roughly proportional to the branching ratio, the lo
value ofSf obtained here may be attributed at least in par
the small value of the branching ratio.

VI. CONCLUSIONS

In the present experiment ad-a branching ratio of (1.8
60.9)31026 has been measured above a deuteron energ
350 keV using most conservative error estimates. Apply
R-matrix theory, a total branching ratio of (2.661.3)
31026 has been found. In Ref.@3# a branching ratio of

FIG. 5. ~a! Deuteron spectrum as a function of c.m. energy. T
experimental points are from the data in detectorD2 after subtrac-
tion of an exponential background determined in a simultane
R-matrix fit to these data and to the4He1d s-wave phase shift data
from Ref. @17#. The curves are the best fits fora54.14 fm ~solid!
and 4.5 fm~dashed!. ~b! 4He1d s-wave phase shift as a function o
c.m. energy. The experimental points are from Ref.@17# ~bars! and
Ref. @20# ~crosses!. The curves are as in~a!.
0-5
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FIG. 6. Comparison of the
present deuteron spectrum
~straight line! with the one of Ref.
@3# ~cross!. Data points of Ref.@3#
have assigned errors of statistic
nature only.
e
Fi

-
g
w

e
0

r
uld
e.

d
a-
the
(7.660.6)31026 is given that is inconsistent with th
present paper. A comparison of both spectra is shown in
6.

There have been several calculations of theb-delayed
deuteron spectrum from6He, using potential and micro
scopic cluster models@4–8#. Most have obtained branchin
ratios greater than those found here. In best agreement
the present branching ratio forE.525 keV is the value of
3.131026 given in Ref.@7#. In most of these calculations th
deuteron spectrum has a maximum at an energy of 0.3 to
MeV, whereas the present data andR-matrix fit to the data
.
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/

o
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K
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peak at 0.57 MeV. Consequently, Ref.@7# finds a total
branching ratio of 6.031026, which is appreciably greate
than the one found here, while the higher energy part wo
lead to a comparable branching ratio with the present on
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