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Resonant versus nonresonant nuclear excitation of*In by positron annihilation
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We have measured the resonant cross seetjofor nuclear excitation ot'%n via the radiationless annihi-
lation of a positron with &-shell electron using a monoenergetic positron beam and a thin In target. We find
an upper limit on the resonant cross sectigp<4.3x 10 26cn? at a 99% confidence level, compared to the
cross sectionrg=1.7X 10 %5cn? determined by two previous measurements of nuclear excitatiof®lof
using the broad spectrum of positrons from the beta dec&§Caf. Together these results imply the existence
of a hitherto unidentified nonresonant channel for nuclear excitation via energetic positrons.
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An energetic positron may annihilate with an inner shellthis state renders it very difficult to populate directly, there
atomic electron into one, two, or possibly more photons. Anare a number of accessible excited states that decay to the
additional radiationless annihilation channel was envisionedsomer. The state we seek to excite via resonant positron
in 1951 by Present and Chém,2]: a single virtual photon annihilation in this work is the 1078 keV level.
created in the annihilation process may be absorbed by the When a positron undergoes single quantum annihilation
nucleus of the atom, giving rise to nuclear excitation, if thewith a K-shell electron a photon of enerdy is created,
incident positron energy meets the nuclear resonance criterizzhere
Many measurements3—10] as well as numerous calcula-
tions [11-19 have followed. The experiments to measure T=Eg++2myc?—By. 1
the cross sectiomr,, for radiationlesdi.e., resonantnuclear

excitation via pOSitron annihilation have relied on the irra- HereEe+ is the positron beam energy.jo is the electron rest
diation of thick targets containing the nuclei of interest usingmass, andy is the K-shell electron binding energ{27.94

the broads™ spectra from radioactive sources. The measuregeV for indium). We neglect contributions from other elec-
ments have yielded unassailable evidence for nuclear excita-

tion via positron annihilation, but the implied values @f Q.
are clouded by thick target complications and are generally @‘." @-\
much larger than the theoretical consensus. We report here 52K 1078 keV
the first direct measurement of, using a thin sample and a
monoenergetic beam. Our result fey, is a factor of 4 less
than the cross section determined via radioactive sources,
which suggests the existence of a hitherto unidentified and Q
presumably nonresonafite., inelasti¢ channel for nuclear . v < 597 keV
excitation via positron annihilation.

19n was chosen as the target material because it has been
the main focus of study in nuclear excitation by positron y
annihilation experimentf3,4,7,8,10. This nucleus has also /2 336 keV, 4.49 hr
been extensively studied in nuclear resonance fluorescence M4
experiments[19] on account of its very convenient level (0.964)
structure sedFig. 1). The 4.49 h half-life of the 336 keV 9/2* ¥ ¥
isomer makes it possible to subject the nuclei to intense ir- gy
radiation and then measure the effects of the irradiation in a -
low background environment. Although the multipolarity of P“"’)

E2
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*Email address: cassidy@physics.harvard.edu FIG. 1. A partial level diagram of*%n, showing only the tran-
"Present address: GA Photonics, 3550 General Atomic Ct., Sasitions investigated in this work. The numbers in parentheses indi-
Diego, CA 92121. cate the branching ratios for the relevant transition.
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tron shells since they are reduced from Kwshell contribu- Accelerating

tion by at least an order of magnitu@@|. Figure 1 shows a sectlon Al target
. 1 . . (0-100kV) po)ger

partial level scheme fot*In, showing only the transitions } /

relevant to this work. Once excited, the 1078 keV state will 1o B ] oo

promptly decay to the 597 keV stafwith a branching ratio =~ LINAC

of 19%) and thence fully to the isomer, which has a branch-

ing ratio to the ground state of 96.4% and decays via a highly

convertedM 4 transition €/y=0.89). From Eq(1), we see

that a beam energy of 83.9 keV is required to excite this level

by the resonant nuclear excitation process. Thus, following

irradiation the sample may be removed to a low background o o

environment where both conversion electra@§%) and )w /

photons(53%) will be emitted as the isomer decays. Obser- ' /

vation of this radiation constitutes, in the absence of compet- Retractable /

ing processes, direct observation of nuclear excitation by MCP /

positron annihilation. Lead Collimaters
The indium target foil used in our experiment wag.t

thick with an 18um acrylic backing, which we were careful

to align as the beam exit side. The foil was mounted in an A

holder that presented a 12.7 mm diameter exposed area. T

manufacturer-specified purity of the foil was 99.8%. The tar-

get arrangement was mounted inside an accelerating sectigRe peam were performed at 83 keV, just below the reso-
at the end of a magnetic slow positron beamline and coulghance energy so as not to complicate the cross-section deter-
float at potentials up to 100 kV. mination.

The positrons were created in a bremsstrahlung shower The irradiation was performed for 11 h at(ealibrated
from the Lawrence Livermore National Laboratory 100-MeV beam impact energy of 89 keV in a vacuum ef5
electron linac[20]. Positrons created by pair production in x 10 ’torr. This beam energy was chosen in accordance
the vicinity of a tungsten foil arrangement were moderatedvith the positron stopping power of the foil. Positrons were
and electrostatically focused into a beam, which was theexpected to lose-10 keV in passing through the fdi21], so
magnetically guided to the target region. Before irradiatingby implanting the beam at 5 keV above the resonance energy
the foil, the beam intensity in the target region was measurethe point of maximum'3n activation was expected to be
using a Na(Tl) scintillation detector. An intensity=(5 located close to the center of the In foil. After irradiation the
+1)x 10 e* st was measured, where the error assignmenfoil was removed from the vacuum system and placed in
corresponds to two standard deviations or 95% confidencelose proximity to a well-shielded HPGe detector to detect
limit that includes the estimated uncertainties in the measurghe 336 keV photons from the decay of the isomeric state.
ments of the solid angle and overall detector efficiency and’he output from the detector was amplified and routed to a
estimated errors associated with corrections for scattered CAMAC controlled data acquisition system that downloaded
rays, pileup, and extrapolation to full beam intensity. Duringand saved spectra from a memory buffer at regular intervals.
irradiation the beam was monitored for stability with the As a test of our system we photoactivated a thick indium
above detector as well as an integrating dosimeter placesample in the linac bremsstrahlung shower. Hn decay
near a constricted region of the transport system. The beaffuorescence spectrum shown in Figa3identifies the ex-
was found to be stable to withi-10% during the 11 h pected peak location at 336 keV, the expected peak line
irradiation. shape, and the detector resolution. Spectra from the positron-

Prior to the start of irradiation, a retractable microchannelactivated foil and from background are shown in Fi¢o)3
plate (MCP) with a phosphor screen was extended into theThe data in Fig. @) were taken for the fits3 h of thedecay
beam path approximately 15 cm in front of the target toof the 336 keV state, or approximately 1.26 mean lives, in
locate and focus the beam. The beam spot diameter measuretier to optimize the signal-to-noise ratio. The background
at points of less than 25% of the central intensity was lesspectrum run lasted 100.5 h and is normalized to the 8 h run.
than 1 cm. The target region layout is shown in Fig. 2. WhenTo arrive at an upper limit on the 336 keV peak signal we
the channel plate detector was retracted, the beam continuedmputey?=3.(d—b)%/b, where the sum is over the three
on to the indium and most of it passed through the thin foil.channels around 336 keW is the measured positron-
Using two highly collimated plastic scintillator detectdta-  induced signal; and is the expected number of courits.,
beledD1 andD?2 in the figuré we were able to determine the average background of the sigiitbm 322—348 keV
whether the beam was passing through the foil and annihiplusa times the photoinduced signal from Figag normal-
lating on the end of the target chamber, or if it was annihi-ized to unity when summed over the three peak chamnels
lating on the Al sample holder. We optimized the beam loca\We compute the likelihood functiob(a) =exp{—x*(@)} for
tion for maximum transmission by steering the beam first tgoositive values of the fitting parametarand normalize it to
hit the Al and then to pass through the In foil. All tests with unit area. From the value o& for which fiL(a’)da’

Annijhilatio
Window

FIG. 2. Target area for irradiating the In foil with monoenergetic
Positrons. DetectorB1 andD2 have restricted fields of view due
ho the presence of the lead collimators. The retractable microchan-
nel plate(MCP) is used to image the beam before it hits the target.
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3000 T ] the decay rate of the 336 keV state. The time between the
2500 { ] end of the irradiation and the beginning of the counting was
: 9 min and is neglected¢=0.19 is the branching ratio to the
isomer from the 1078 state. The constantis the rate at
which nuclei are excited and is given by

2000 |

1500 |
1000 {

500 | Na=10,Ny(0), (3

Counts (arb. scale)

of

[ ] wherel is the positron beam intensity;, is the resonance
300 o 155" % b) cross sectionN,(0) is the number of available target atoms
I o Background ] per unit area, and we use the fact that the typical rate at
i Expected peak (113 counts total) ] which any one nucleus becomes excited is negligible com-
250 ] pared to\, .
. % . Since we are assuming in our analysis that this is a reso-
i ] nant process, we must be cautious when defining the number

i { g { of available target atom$|,(0). Weinclude as the thickness
i@% %é % ;iéﬁgg ﬁéfﬁ of our foil only theeffective thicknessl.¢, which is simply

200 -

Counts in 8 hours

3 that fraction of the foil through which the passing positrons

} ] are in the resonant energy range. This is clearly determined
e ] by the resonance width and the stopping power of the mate-
310 -315 320 325 330 335 340 345 350 355 360 rial. At the resonant positron energy of 83.9 keV the stopping

power is @E/dx),.<= 18980 keV cm? [21]. As pointed out

by Grechukhin and Soldatojl1], the resonance width is
Energy (keV) given by

FIG. 3. (a) Photoactivated''dn line shape.(b) Measured
positron-activated signal and background. The lines-a20 and
350 keV are due to radioactivity from the lead detector shielding.

150 -

F:I‘n‘i‘rk%l—‘k, (4)

where the subscriptsandk refer to the nuclear ankllevels,

. . _ _4 . _
=0.990, we find the upper limit on the amplitude of the peak;ees;geocft I\r/r?;y. r;I;tTJ edguscrlr?;{e\’;"?rfgﬁ _th6exellgctr§>1/ [szhze]l’l |\5N%rh
signal over background in Fig.(l3 is 28.6 at a 99% confi- 9 k

dence level. We would expect 113 counts if the resonance:7'3€V [23], which therefore dominates. The appropriate

cross section were 13710 2°cn? as determined by the pos- evaluation ofdeg, is then,
itron source experimen{8,10] (see discussion below

Since this experiment produced a null result it should be
pointed out that the data presented here do not represent t
only set collected. An earlier run, which also yielded no sig-
nal, alerted us to the fact that the expected count (ste
Fig. 3 might not be as large as expected. The data collected
from this earlier run are not shown here for several reasons.

The statistics present in that data set were not good due toﬁereN —6.02< 102 is Avogadro’s numberf = 0.9572[24]
A_ . - .

different experimental procedure that was adopted. In thl% the natural abundance &¥n, andp=7.29 g/cni and A
case we attempted to measure both the emitted photons an

conversion electrons from the decay of the isomer. This tech- 15 are the density and atomic weight of indium, respec-

nigue proved to be less efficient than optimizing for one typetlvely' We obtain our experimental value ft¥y(tiad) by

; 0 X e

of signal or the other, and the experiment was considerabl\;/JSIng t_he 99% confl(_jence level upper limit of 28.6 detected
- : . someric decays. Since we have used data integrated to

simplified by taking photon data only. There exist a numbert —8h we have onlv counted a fraction —ex

of other procedures that, ideally, we would liked to have count " y P

undergone, such an additional runs at varying target thickl ~ Mlcound =0.708 0fNy(tiag). The upper limit on the de-

: : . _ tected rate is corrected by dividing it by the product of 1
ness and beam energies, and perhaps even the mvesngan&ixp[_)\btcoun}' the measured detection efficiency,

of other isotopes. However, both time and cost consider-_ ; ) .
ations prevented us. =0.12+0.005, the branching ratio of the isomer to ground

The irradiation process creates isomeric states such th atte (0.3366§n'?h the ph?.“”?t ffra;:|on(0.5€9 io yield
after an irradiation time;,.q=11h the total number of iso- b(tirrad - Ihe upper imit for the resonant Cross sec-

mers present is tion is then

der=T"/(dE/dX),es=3.85X 10 " cm ™2 (5)

I?%e effective number of target atoms presented to the beam
is given by

N,(0)=Nufpdes/A=1.41x10%cm 2. (6)

Np(tirad) = ko[ 1= €XH ~Notirad Ny, () n=Ni(tirad Nk "Na(0) " *F (1= )

X[1—exp{— Nptimagt] *
where we uséN,(0)=0 and the subscripta andb refer to [ A~ olinad]
ground and excited states, respectively, aget0.154h' ! is <4.3x10 %6cn? [99% confidence levgl  (7)
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where we are usina 3 standard deviation or 99.7% confi- cess would be greatly increased. The simple process of emit-
dence level positron flux lower limiE>3.5x10° e" s™tin  ting a bremsstrahlung photon during the nuclear excitation
the evaluation, andy=0.15 is the fraction of the positrons [12] is too improbable to make any significant contribution
that are transmitted or backscattered without being modeto the rate/13].
ated to the resonance ene@§]. . _ Our measurement allows an unambiguous comparison
~ We are aware of five published experimental determinawith theoretical estimates of the resonant cross section for
tions of the “resonant” cross section of nuclear excitation of nyclear excitation. We make no comparison to the theoretical
"n [3,4,7,8,10 by positron annihilation with a-shell  \york of Present and Cheft] and Watanabe, Mukoyama,
electron. Two of the resulf$,10] are reevaluations of earlier 504 sShimizu4] because they used the wrong nuclear tran-
works [7,4] that we believe represent the most accurate desjtion (E1) and were based on a two-step approximation to
tl?rmma_nons of the rate for positron-induced excitation ofine virtual annihilation. Of the remaining theories our upper
A using the continuous spectra of positrons emitted fromimit s approximately consistent with the cross section cal-
a radioactive source. The reanalysis in R@i0] involved  ¢jated by Kolomietz and Fedotkifl6] and is consistent
correcting for the effective thickness of their target foil, de-yjth the small cross section from the theory of Grechukhin
fined as in Eq(5). The work of Vishnevskiiet al. [7] was  ang Soldatoy11]. In view of our result it is not surprising

reevaluated8] by considering a more accurate representayhat there has been a persistent disparity between the experi-
tion of the source distribution in the target material, leadingmental and theoretical results, since they are evidently not
to an increased cross section. These authors recognized tB@scribing the same process.
need to consider thk hole in the resonance width but did  Ajthough we are unable to shed light on the details of the
not take account of the effective thickness of their targefyycitation mechanism, our upper limit on the resonant cross
material. Since both experiments used stopping targets of &tion implies that some sort of nonresonant process is oc-
similar thickness, we may apply the analysis of Saigusa anglring in the source-based experiments. Indeed, the combi-
Shimizu[10] to the data of Vishnevsket al.[8]. The result-  nation of our result with these experiments is a compelling
ing deduced resonance cross sections from these two expefiication of the existence of some as yet unidentified pro-
me”tf% are almost identical, both yieldingr,=1.7  cess. In order to investigate this further it would be of inter-
x 10 cn?, which is four times greater than our UPPer gst to scan a more intense beam over several hundred keV
limit. _ _ ~above the resonant energy in both a thin and a thick target.
Various competing processes that might be present in thggwever, the experiment to resolve the nuclear excitation
source-based experimerj8,10] do not seem to be respon- mechanism must probably await the implementation of a

sible for this di'spari.ty. Barring an unusually I_arge and uneX-positron beam with an intensity of at least4@* s .
pected error either in the present result or simultaneously in

both source experimen{8,10], a remaining possibility is We gratefully acknowledge helpful discussions with R. S.
that the large energy distribution of ti&" particles from a  Raghavan and W. Stoeffl. This work was supported by the
84Cu source E,~650keV), allows some lower cross sec- National Science Foundation under Grant Nos. DMR-
tion inelastic processes to dominate in the radioactived623610 and PHYS-9505886, and was also performed under
source-based experiments. In these processes, the resonatfeeauspices of the U.S. Department of Energy by University
constraint on the positron energy would be relaxed and thef California Lawrence Livermore National Laboratory un-
number of positrons that can take part in the excitation proder Contract No. W-7405-Eng-48.
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