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Parity violation in charged-particle resonance reactions
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Parity nonconservatiolPNC) measurements utilizing charged-particle resonance reactions are proposed.
PNC observables have been calculated for over 300 resonancgwidirshe same angular momentum and
opposite parityin five s-d shell nuclei. Detailed numerical results are presented for the longitudinal analyzing
powers in the31P(|5,a0) reaction. There is strong dependence on energy, angle, and resonance parameters. A
figure of merit that includes both the relative enhancement of the parity violation and the cross section is used
to identify the most promising resonances for study. A proposed detector design and experimental procedure
are described. These measurements should provide information on the weak spreadingheiéffective
nucleon-nucleus weak interactioim light nuclei.[S0556-28186)00907-7

PACS numbg(s): 24.80+y, 24.60.Dr, 25.40.Ny, 11.30.Er

[. INTRODUCTION measured per nuclide. This is a crucial limitation, since a
number of measurements are required for the statistical
analysis.

The traditional view towards symmetry breaking in the  The TRIPLE collaboration has measured a number of par-
nucleus is exemplified by the approach to parity violation injty violations in a given nuclidé15-17 (providing data suit-
light nuclei. Parity doubletéclosely spaced, Iov_v-lying _states able for the determination of a rms PNC matrix elemamd
of the same angular momentum and opposite pami§re ¢4 5 variety of nuclidegproviding data to examine the mass
studied. The major difficulty is the determination of the dependence of the weak nucleon-nucleus interactishe

tnhuclde'ar wave lfunfctlon W'tlh sufﬂuﬁnt accura}[cyf. Evgtn a.fterneutron measurements have been performed only for targets
e discovery 1] of a very large enhancement of parity vio- which are near the maxima of thep3and 4p neutron

lation for neutron resonances in heavy nudis large as strength function. The available datmear A=110 and
10°), these new measurements were considered of only ark:230) do not provide a broad dynamic rangeAnand

ecdotal Interest, since one did n(amdged could notknow have rather large uncertainties, thus making measurements in
the wave functions for these complicated systems. A nevﬁghter nuclei of particular value

approach adopts the view that a highly excited nuclear sys- Unfortunately, the larger level spacing for light nuclei

tem is chaotic, and treats the symmetry-breaking matrix .eler'neans that a completely different experimental system is re-
ments as random variables. The goal of the experiment is t§1

; . .guired to perform the neutron transmission experiments. In
determine the root-mean-square .symmetry-breakmg Malriyis context we initiated a study of alternative parity-
element. This change of emphasis means that several M&Holation experiments that maintained the statistical approach
surementgrather than only oneare required to extract rel-

tinf tion. Th d I . id 8]. It is natural to introduce a spreading width in order to
evant information. Theé compound nucleus IS now considere ompare results from nuclei with different level densities. In

as an excellent laboratory for the study of symmetry breakihe following we focus on determining the weak spreading
ing [2,3]. For a measure of the profound change in attitudeWidth in the %-1d shell

compare the classic review by Adelberger and Haxih
with the recent review by Bowmaet al. [3].

A comprehensive review of the early measurements with
polarized neutrons is given by Krupchitsk$]. In all of Charged-particle resonance experiments might appear
these measurements the parity violations are large comparaduch less promising for the study of parity violation than are
to the nucleon-nucleon scale of 19 but still are small com- neutron resonances, but the relative merit of the proton and
pared to one. Sushkov and Flambal{®7] suggested that neutron experiments depends on the mass numbefFor
the mechanism of compound-nuclear mixing between closéighter nuclei(e.g.,A near 30 the large level spacing means
lying opposite parity states with the same total angular mothat in order to study a number of resonances, the bombard-
mentumJ could lead to large parity violations. Alfimenkov ing energy must be MeV, not eV. This increase in energy
et al. [1] measured the helicity dependence of the neutrommeans that the neutron experiment is much more difficult
total cross section and observed an extremely large paritthan the corresponding charged-particle experiment, while
violation (=7%) at the 0.73-eV resonance i%La. This  the major advantage of strong kinematic enhancement is lost.
effect later was confirmed at IAE8], KEK [9], and Los For charged particles, the possibility of easily studying sev-
Alamos [10]. Parity nonconservatiofPNC) had also been eral reaction channels and the greater ease of measuring dif-
observed in several other nucl@iee, e.g.[1,11-14. In all ferential cross sections makes determination of the nuclear
of these experiments, however, only one parity violation wasspectroscopic information much simpler. This latter informa-

A. Background

B. Charged-particle experiments
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tion, which is essential for extracting a PNC matrix elementmixing [30]. Therefore, there is more than one parity-
is available from earlier measurements in our laboratory foallowed entrance channel for each resonance. Wepuasd
five target nuclides in the nucleasd shell[19-25. g, respectively, to denote the parity-allowed proton channels
Of course, to justify the use of the statistical approach tdfor the natural- and unnatural-parity levels. The partial chan-
the analysis, it is essential that the compound-nuclear state®ls to be considered for @,«() reaction arek=p+q+1
behave statistically. Our conclusion that a statistical descripin number, with channels 1, 2, . ,p the entrance channels
tion of these resonance states is suitable is based on the sp#tat are parity allowed for the natural-parity resonance, chan-
ing distributions for a range of nuclei in this mass regionnelsp+1,p+2,... p+g the entrance channels that are par-

[26,27), on spacing distributions of shell model stafé§], ity allowed for the unnatural-parity resonance, and channel
and on characteristics of the distributions of shell modelk the parity-allowed alpha particle channel.
eigenfunctiong 29]. We assume a Hamiltonian of the form
In Sec. Il we outline a description of parity violation in
nuclear reactiongin the two-level approximation and ob- H=Hpc+Hpne, 2

tain the longitudinal asymmetry. Although we have calcu- hich ins both . . |
lated the parity violation for both elastic scattering and theVhich contains both a parity-conserving term ancsmal)

(p, ) reaction, and for both transverse polarizati¢asalyz- parity-violating term; the matrix element ¢dpyc between

ing power A,) and longitudinal polarizationganalyzing the natural-parity state and the unna.tural_-par!ty state is .de-
powerA,), here we focus o, for the (p,a) reaction(the noted byV. We assume that any parity V|qlat|on occurs in
analyzing powers are larger for the reaction and measurin§‘e cpmpound state{mternql m|X|ng and not in the entrance
A, is easier than measurifg). We calculated the analyzing r exit channgl:éexterngl m'x.'ng' SmceV is small, all terms
powers for targets with spih=1/2, 3/2, and 5/2 and for hlghgr than fII’S.t order iV will be lgnqred. .

resonances with total angular momentdm1, 2, 3, and 4. It is convenient to use th&matrix formalism[31] to

We considered parity doublets for the @)’ réac,tion on derive the elements of the collision mati$ We use first-
23Na. 27A1 3P 35C| and 3. To conser\'/e space we shall order perturbation theory to generate the reduced width am-

not present the very lengthy expressions for the Iongitudina'PIiIUdes' If we denote an unperturbed amplitudeytly then

asymmetries; nor shall we present results in detail for all
target nuclides. We focus of'P, which appears to be the
best candidate target for a PNC measurement with charged-
particle resonances. In Sec. Il we list the relevant reso-
nances and their relative enhancements for the compound Y0 =0, c=N 3)
nucleus®sS. In Sec. IV the enhancements and the figures of ue '

mem(Wth"mommﬁﬂebomtheenhancementandthecmﬁ$hepenwbedanm”wdescanthaqbeexpm5sedas
section are shown graphically for several resonance pairs.

yﬂczo, c=p+1,...p+q,

y2.=0, c=1,...p,

Angular and multilevel effects also are considered. In Sec. V Yne™= 7ﬂc, c=1,...p,
a proposed PNC experiment is outlined and numerical ex-
amples presented. The final section is a brief summary. \

_ 0 _
'Ync_En_Eu')’um c=p+1,...p+q,
Il. THEORY

. . . Vine= 'yo , C=X,

In this section we present the expressions needed to e 7ne
evaluate the longitudinal analyzing poway, for a pair of v
interfering resonances with the saméut different parity. yucz—yﬂc, c=1,...p,
The results will be expressed in terms of the enerfieand S
E, of the natural- and unnatural-parity resonances, respec- 0 _
tively, the total widthsT', and T, and the partial widths Yue= Yuer  €=PFL,...pta,
I',c andT' .. Partial reduced width amplitudes will be de-

noted y,,. and y,.; a partial width and the corresponding Vo= v 0 =N (4)
. . ) uc E —E Yne» .
reduced width are related in the usual way: u” En
For this two-level,X-channel problem, the level matrix
[=2P7, (1) P

provides the most suitable approach. The elements of the

. S level matrix can be written
whereP, is the penetrability in channel.

We considered the p(ag) reaction on the five E,—E—iT,/2
A=4n-1 nuclides®Na, ?’Al, 3P, 3°Cl, and *°K; in each Ann:Tv
case, the ground state of the residual nucleus has angular
momentum and parity 0. Thus, there is only a single parity- E—E—il'./2
allowed exit channel, corresponding to alpha emission from Auf%-
the natural-parity compound state with orbital angular mo-
mentum/'=J and channel spis’ =0. Since the target nu- W T.—T

n u

clides do not have spin zero, the entrance channel for either A=A =
. . ) .. . nu un 1
state will in general show” mixing and/or channel spin 2A En—Ey

®)
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where :iei(§c+§2\‘)gch o1 -
A=(E,—E—iT /2)(E,~E—iT/2). ©6) N Ep—E—ily/2’

The collision matrixS is given in matrix form by et
2 ; 12 1 pl/2 Sew= —1eT 0wV
S=Q+21QPTUPY, () N (E,—E—iT /2)(E,—E—IT2)’

where() is a phase matrix? is the penetrability matrix, and
U is defined in terms of the level matrix and reduced width

amplitudes c=p+1,...p+q. 9
UCC,:% (MK Ve Ay - (8) The longitudinal analyzing power is defined by
For the (,ag) reaction with only internal mixing, the _ (do/dQ)(—)—(da/dQ)(+)
only first-order parity-violating terms d correspond to en- A= (do/dQ)(—) + (da/dQ)(—)’ (10

trance in one of the proton channels of the unnatural-parity

resonance and exit via the alpha channel. Parity-conserving

terms of S will correspond to entrance through one of the where— (+) denotes beam polarization paral{ehtiparal-
proton channels of the natural-parity resonance and exitl) to the beam direction. The differential cross section for
through the alpha channel. Ti@®matrix elements for these reactions with polarized beam has been discussed by several

cases can be written authors(see, e.g.;32—34)) and can be written in this case as
|
do (— 1)|+ki+/27ifsz+/é+s’+k7/if.] k'&/}lzzélézjz - o
d—Q=4w2x22 TPSEL : T (kink,0|kn)(/10/,0|k,0)W(is;is,|1k;)
s, /1 J
x|s2 /2 3 Z_(/iJ/éJis'k)PkinYkn(0,d’)(S'/H5|51/1><3'/é|5|52/2>*- 11
ki k, k

Here the quantities in parentheses are Clebsch-Gordan coddere we focus on the results for protons &P [22]. In
ficients[35], Z is theZ coefficient of Biedenharn, Blatt, and Table | the resonance energies, total widths, Andlues are
Rose[36] as modified by Huby[37], and the quantity in listed for pairs of resonances P reactions. Pairs are
brackets is a P coefficient[35]. The quantities” (/') and listed for resonances with the sandevalue and opposite

s (s') are the orbital angular momentum and channel spin irparity which are separated by an energy difference less than
the entrancéexit) channel,i and| are the spins of the pro- 10 times the sum of the total widths of the two resonances.
jectile and target, respectively,is the spin of the compound  SinceA, is proportional toV, it is convenient to use the
states,Y, is a spherical harmonic, angl , is the density value ofA,/V as a measure of the relative enhancement of
tensor describing the beam polarization. The notatiate- ~ PNC effects. However, a large relative enhancement can oc-
notes the quantity/21 + 1. The summation is over all pos- Cur either b_e_c_ause of a large difference in cross section for
sible values allowed by the angular momentum coupling cothe two helicities(a large numeratdy or because of a small
efficients given a particular choice dfandl. When Egs(9) ~ Cross sectioria small denominator The appropriate figure
and(11) are inserted into Eq10), the numerator o, is (to  Of merit which combines the cross section ahgis

first orde)y proportional toV; the denominator oA, is twice

the unpolarized cross section and is independent.oBe- A2 do
cause of the complexity &%, for given values ofl andl, we IBPE(—Z) —. (12)
do not include any explicit expressions. CalculationsAgf V) da

actually proceeded in two steps: The denominator is evalu-

ate.d using a muIt|IeyeI, muItlchannﬂ-matnx cpde[SO], A large value of$3p indicates a shorter time to reach a spe-
while the numerator is determined by evaluating only theCifiC statistical uncertainty iV
terms inA, that depend ow. i

The experiment measurds,, not the relative enhance-
ment A,/V, and therefore the magnitude 8f is the real
quantity of interest. The matrix elemevitis assumed to be a

As noted in the Introduction, our group obtained detailedrandom variable and is the quantity that we wish to deter-
spectroscopic results for resonances in 8vé shell nuclei. mine. However, one can use an estimateVgys, and then

IIl. RESONANCE PARAMETERS AND ENHANCEMENTS
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TABLE |. Resonance energies, total Wldths, ahdvalues for consider the producTA(Z/V)Vrms as an estimate for the ana-

pairs of resonances in+ 3'P. Pairs listed are those separated by anyzing power. An estimate fov,,,s can be obtained from the
energy difference less than 10 times the sum of the two total Widthsspreading width

The subscriptn denotes the natural parity resonance of the pair,

while the subscripti denotes the unnatural parity resonance. (V2>

INp=27—, (13
Resonance E, E, r, Iy J D
pair (MeV) (MeV) (keV) (keV)

whereD is the average level spacing. Based on the experi-

1 1.6433 1.5875 1.7 7.0 0 mental behavior of the isospin-violating spreading wid8]

2 1.9756 1.9669 0.15 5.0 2 and on statistical arguments given [I8}, we assume that the

3 1.9890  1.9669 016 50 2 weak spreading width is constant and equal to the value

4 1.8938 1.9810 21 0.75 13X 107 eV.determined in the neutron measuremen.ts on
heavy nuclei[15,16 near the 4 neutron strength function

5 2.0220 1.9810 22 0.75 1 . L . ; .
maximum. This is the simplest assumption and is also con-

6 22575 2.1808 4.2 6.7 2 sistent with the preliminary experimental resulis’] near

7 2.7067 27290  0.50 32 2 the 3p neutron strength function maximum. The average

8 2.8289  2.7920 0.81 32 2 gpacingD was determined from the experimental resonance

9 2.9064 2.7290 2.6 32 2 data as a function of both and E. Therefore one has an

10 2.9497 2.7290 2.8 32 2  estimate forV,,s for each resonance pair. In Table Il are

11 2.8110 2.8484 1.6 55 1 listed the maximum figure of merithere is a strong angular

12 2.8340 28484 19 55 1 and energy erendence,@,ﬁ, Which we discuss belo);v_the

13 2 8545 2 8484 27 55 1 angle at which the figure of merit is largegtalculations
were performed in the center-of-mass frame between the

14 2.8340 2.8651 19 0.80 L angles 90° and 178° in steps of 2°), and the corresponding

15 2.8545  2.8651 27 080 1 ¢ross section, relative enhancement, and estimated value of

16 2.8340 29776 19 0.90 1 A, for each resonance pair pr+3'P. To simulate a realistic

17 2.8545 2.9776 27 0.90 1 experiment, the cross sections were convoluted with a

18 2.9640 2.9776 24 0.90 1 Gaussian resolution function of 500 eV full width at half

19 3.0356 3.0341 2.0 0.12 3 maximum(FWHM) beforeA, was calculated.

20 29064 3.0500 26 19 2 The_sestimates forA, range_from gbout ¥10°° to

21 29497 3.0500 o8 19 > 6X10 °, while the corresponding estimates 6f,¢ from

29 3.2376 3.0500 20 19 5 Eq. (13 range from about 50 to 150 me\{Note that in
heavy nuclei the values of s extracted from the data are

23 3.2515 3.0500 9.0 19 2 about 1 meV, while longitudinal asymmetries as large as

24 3.2597  3.0500 2.6 19 2 10! have been measurédlhe strong energy and angular

25 2.9640 3.1839 24 2.5 1  effects are discussed in the next section.

26 3.0380 3.1839 37 25 1

27 3.1452 3.1839 6.3 2.5 1 V. EXAMPLES

28 3.2376 3.1963 2.0 8.6 2

29 39515 31963 90 8.6 5 A. Energy and angular dependence

30 3.2597 3.1963 2.6 8.6 2 In Fig. 1 the relative enhancemeAt/V is plotted for

31 3.3845 3.3941 3.2 0.33 3 four resonance pairs in th?éP(ﬁ,ao) reaction. The enhance-

32 33963  3.3941 4.3 0.33 3 ment is strongly dependent on both energy and angle. This

33 3.0380 3.4260 37 35 1 behavior is similar to that obseryed in a stud_y of detailgd—

34 3.4280 3.4260 10 35 1 balance tests of tlme—reyersal invariance with interfering
resonancef39,4(. Of special importance is the fact that the

35 3.4390 3.4260 5.5 3.5 1 relative enhancement often changes sign with angle—this

36 3.4280  3.7250 10 26 1 sign change iM,/V, and therefore im,, leads to the re-

37 3.4390 3.7250 5.5 26 1 quirement(discussed beloythat the particle detectors must

38 3.5430 3.7250 15 26 1  be segmented in angle. The enhancement normally shows a

39 3.5841 3.7250 28 26 1 rather narrow single peak as a function of energy, but sec-

40 36404  3.7250 4.2 26 1 ondary maxima are frequent. The other 327 pairs stu@id

a1 3.9006 3.7250 28 26 1 o';]her p_air_T, fol;31hP a_nd 285 pairs for the other four nuglei
show similar behavior.

42 4.0000 3.7250 30 26 1 Figure 2 shows the angular and energy dependence of the

43 3.7670 3.8230 4.6 2.9 2 figure of merit Bp for the same four resonance pairs as

44 3.7945  3.8230 9.1 2.9 2 shown in Fig. 1. Since the figure of merit is intrinsically

45 3.8473 3.8230 2.0 2.9 2 positive, these results are easier to interpret visually. Again,

46 3.8529 3.8230 0.40 2.9 2 the most notable feature is the strong dependence on both

energy and angle. Results for other resonance pair$'fr
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TABLE Il. Figures of merit and associated parameters for each resonance ﬁéﬁ(ﬁ)ao). The calcu-
lations assume a resolution of 500 eV FWHM.

Resonance Maximungp Ep? O do/dQ? AVe Est. A2
pair [10~ 6 mbf(sreV?)] (MeV) (deg (mbl/sp (10™%/eV) (1079)

1 0.036 1.6433 90 6.4 0.75 2.0

2 16 1.9756 178 31 -7.2 -7.3

3 4.9 1.9890 124 9.5 7.2 7.3

4 0.020 1.9810 178 2.6 -0.88 -0.89
5 0.12 1.9810 178 2.6 2.2 2.2

6 0.098 2.2574 128 6.8 1.2 1.2

7 3.0 2.7067 130 7.8 -6.2 -5.8

8 0.012 2.8289 150 3.9 -0.56 -0.52
9 0.11 2.9067 178 11 -0.98 -0.90
10 0.060 2.9498 178 75 -0.28 -0.26
11 0.21 2.8111 90 5.9 1.9 1.7
12 0.081 2.8467 90 0.81 3.1 29
13 3.0 2.8483 178 10 54 4.9
14 0.062 2.8651 178 3.3 1.4 1.2
15 30 2.8651 178 3.3 30 27
16 0.00011 2.9777 178 4.2 0.051 0.046
17 0.0085 2.9776 178 4.2 0.45 0.41
18 0.65 2.9773 90 0.86 -8.7 -7.8
19 81 3.0353 90 0.16 -230 -250
20 0.13 2.9064 178 12 1.0 0.95
21 0.23 2.9497 178 75 0.55 0.50
22 0.00075 3.2372 178 2.0 0.19 0.17
23 0.046 3.2592 178 1.0 2.1 -1.9
24 0.12 3.2593 178 1.1 -3.3 -2.9
25 0.000082 3.1840 178 0.38 0.15 0.13
26 0.0087 3.1841 178 0.38 -1.5 -1.3
27 0.13 3.1840 178 0.38 5.8 51
28 0.00085 3.2379 122 0.099 0.93 0.82
29 0.032 3.2561 122 0.055 7.6 6.7
30 0.090 3.2567 122 0.066 12 10
31 0.13 3.3939 134 0.35 -6.2 -6.7
32 210 3.3948 134 0.069 550 590
33 0.000038 3.0352 90 0.15 -0.16 -0.14
34 2.9 3.4261 178 5.2 -7.5 -6.4
35 0.019 3.4369 90 2.2 0.93 0.79
36 0.000061 3.4293 90 3.2 -0.043 -0.037
37 0.00014 3.4379 90 3.7 -0.061 -0.052
38 0.00012 3.7348 178 0.0012 3.0 2.6
39 0.000014 3.5832 178 25 0.023 0.020
40 0.0000070 3.6316 178 0.020 0.19 0.16
41 0.000033 3.9002 90 0.30 0.10 0.085
42 0.0012 3.7349 178 0.0012 10 8.3
43 0.012 3.7668 178 9.1 0.36 0.30
44 0.14 3.8222 130 0.35 -6.4 -5.3
45 0.31 3.8370 178 0.0035 -95 -78
46 0.55 3.8528 178 2.9 -4.4 -3.6

#These values correspond to the listed valuggpt

and for the other nuclei studied are similar. B. Detector segmentation

In Fig. 3 the results are shown as a function of endfgy
one resonance pairfor the differential cross section Although a large solid angle detector would significantly
do/dQ, the relative enhanceme#,/V, and the figure of increase the counting rate, the net effect is not immediately
merit Bp at a fixed angled, ,,=90°. obvious, since the angular dependence often includes sign
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31 31
En = 1.9756 MeV En = 2.8545 MeV
Eu = 1.9669 MeV E = 2.8651 MeV

T> 0.0010 T> 0.002
S 0.0005 L 0.001
> 0.000
& 0.0000 g Q000
< —0.0005 <0
ec.m. (deg) ’ ec,m, (deg)
31 31
P(p.a) P(p.ag)
E_ = 3.0356 MeV E, = 3.3963 MeV
E, = 3.0341 MeV E, = 3.3941 MeV
= 0.00 T 006
E -0.01 2 0.04
> —0.02 Z 0.02
Y % 0.00 &
< —0.03 <
3.039
150 150130 3.40
130
3.033 110
0, (deg) 90 E,,, (MeV) 6, (deg) 90 339 E,_ (MeV)

FIG. 1. The enhancement factoks/V as functions of energy and angle for four pairs of resonancé%l:i(ﬁ,ao).

changes in the asymmetAy, . Our calculations show that in every 2° in the range 90°—-170°. Since there is generally
such cases a large solid angle detector may actually redudi¢tle change ingy onceN reaches 4 or 5, these values of
the measured,,. Segmenting the detector is an obvious way,, are effectively the maximum possible figures of merit
to overcome this problem. For a segmented detector With that one can obtain by segmenting the detector. Note that
separate angular regions, the appropriate generalization dfiere often is a slight change in the energy at which the
the figure of merit is figure of merit is maximum abl changes.

N ([0 AL(6)/V]o(6)singd 6}
Bn=2 — (14)

=1 [ to(6)singdo A convenient way to consider the sensitivity of these
measurements is to ask how long it would take to measure

Our calculations show that a segmented detector is essentidile parity-violating matrix element for a given case. Con-
since there are cases where the figure of merit is two orderéersely, one can ask what limit is set vhif a null result is

of magnitude larger for a segmented than for a single dete@@btained after an experiment has been performed for time
tor covering the same angular range. The Legendre polynd- The length of timet can be expressed in terms of the
mials involved in the angular distributions are at most offelative enhancemer,/V, the limit on the matrix element,
order 6 or 8, determining the degree of segmentation resay, V., the number of particles per second in the beam
quired to account for these angular effedis. practice we Ny, the number of target nuclei per ¢, , the differential
shall segment to a greater extent in order to minimize countcross sectiordo/d(2, and the total solid angl&:

ing rates from elastic scattering; see Seq.¥.Table Il the A2

maximum values of the figure of mery are listed as a t= VZNbN Q(_Z> 27
function of N, the number of segments. Results are listed for - v odo
N=1, 4, and 41; the calculations have been performed in

angular steps of 2°, antl=41 corresponds to a detector In Fig. 4 the figures of merit are shown for the 46 reso-

C. Summary of A, and B, ranges

Lt 15
X =
BeV{
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31 31
P(p:ao) P(p’ao)
E, = 1.9756 MeV E = 2.8545 MeV
E, = 1.9669 MeV E, = 2.8651 MeV

31 31
E_ = 3.0356 MeV E, = 3.3963 MeV
E, = 3.0341 MeV E, = 3.3941 MeV
§ <
|
= = -4
® 1x10”% o ggxig_‘;
T 8x107° T 2.0x10_,
5 ogx1072 b 1.5x10°
[} 5 4
4x10 a 1.0><10_
Q 5 5
£ 2x10 g 5.0x180
c&- % . 3.039 Q{- 340
150 3.036
130 ° % 5 033 130 ~
0, (deg) 110 90" : E, , (MeV) 6, (deg) 0> o E, ., (MeV)

FIG. 2. The figures of meriBp as functions of energy and angle for the same four pairs of resonances shown in Fig. 1.

I‘_ﬂ 1/2
Iy

nance pairs in thé'P(p, a,) reaction. The values g8, are \%
shown for a detector segmented into four secti@ssshown P=2—+
in Table lll, there is generally little change once the degree =P
of segmentatioﬂN reaches n Note that the figures of merit The expression for the asymmetBy is genera"zed to in-
range over seven orders of magnitude. This emphasizegude the effects of all of the-wave resonances on the
again the importance of choosing an appropriate resonanggwave resonance in question. If the s-wave resonances are
for study. labeled byr and thep-wave resonances by, then

The results for the figures of merit for all five nuclides
considered are combined in Fig. 5. From experimental con- Vo ry,
siderations discussed below, we believe tBatvalues of PﬂZZE E.—E._|T"
order 10°® are needed for realistic experiments. Based on TSy TRRLT P
this approximate guideline, the target nuclid®® and*K |t he energies and neutron widths of thavave resonances
seem most suitable. In previous experiments, the phosphoryge known, then tha coefficients can be calculated. At first
target was more stable and uniform, leading to higher qualityance this equation appears to make interpretation of the
data. ThereforéP is our first choice as a target for the study parity-violation results impossible, since there are several

(16)

1/2

=> ALV, @7

of parity-violation effects in light nuclei. unknown values oW, for each measureR. It is true that
_ one cannot determine the individudls. However, the goal
D. Multilevel effects of the experiment is to obtain the rms PNC matrix element,

In Sec. Il we derived the PNC longitudinal asymmetry in Which can be determined.
the two-level approximation. In general there are several lev- The PNC matrix elements/,, are assumed to be
els that contribute to the parity violation. Since the expresGaussian-distributed random variables with mean zero and
sions are very cumbersome in the charged-particle case, warianceM 2
first review the neutron analysis. There the two-level ap-

proximation for the PNC longitudinal asymme{#1-4§ is (Vu)=0, (V2,)=M? (18
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These new variable®, also have the property that the
2881 mean is zero and the varianceN$?. This implies that the
rms matrix elemenM can be determined directly from the
0. = 90° measured values &%, , providing that theA ,, coefficients
4 + are known. The details of the analysis procedure are dis-
cussed by Bowmaet al. [48].
Now return to the charged-particle resonance problem.
] We can proceed in a manner analogous to that followed in
= the neutron case. However, the equationsApare lengthy
3 and cumbersome, since there are generally four to six partial
widths and two to four Legendre polynomials in the calcula-
tion for each resonance pair. Because of this complexity, we
do not include explicit forms oA, in the charged-particle
case; we simply point out it is still possible to express the
asymmetry in the form

ol

+ 8P

I
w
o
]

1

do/d0
{mb/sr)

P#=2V AV, (22)

and therefore the analysis can proceed in an analogous way
100 to the neutron case, albeit with much more complicated ex-
pressions for thé\ ,, coefficients.
50 One possible concern about this procedure, for either the
neutron or the charged-particle experiment, is that the ex-
| Voo L pression used for the net parity violation is not a true multi-
3032 3034 3036 3.038 3.040 level expression, but instead is a sum of two-level terms:
£ (MeV) True multilevel eff(_acts, such as interference be_tween
p s-wave resonances in the neutron case, have been ignored.
» . To examine this question, we calculated the asymmetry for
FIG. 3. The quantities,/V, do/d{), andfp as a function of  {hree |evels(one p-wave and twos-wave resonances or,
energy atf, =90° for resonance pair No. 19 #P(p,ao). The  equivalently, one unnatural-parity and two natural-parity
behavior ofA,/V and B is shown in Figs. 1 and 2. The maximum resonances The general form is the same, but thecoeffi-
value of the figure of meriB; indicates the “best” energy at which cients may change. For every neutron example considered,
to perform the experiment. The vertical arrows indicate the Ioca-,[heA coefficients were unchanged from the values obtained
tions of the two resonances. from a sum of two-level terms. However, in the three-level

If the widths and energy spacings are uncorrelated with th harged-partlcle calculation, tm_ecoefﬂments did changej
matrix elementsV,,, then the observable®, are also e magnitude of the change A depends on the specific

. L ; s resonance pair, but ranges from a few percent to a maximum
Gaussian-distributed random variables, since the sum 01‘e P 9 P

Gaussian random variables is also a Gaussian random vafflc about 30%._The physical ongin of this difference can be
able[47]. Then raced to the size of the averafjéD. For neutrons the ratio

I'/D is much less than onéof order 104), while in the
(P,)=0, <pi>:AiM 2 (190  charged-particle cask/D is significantly larger(of order
10" 1). The details of these considerations will be presented
whereA2=3 A, . Including the experimental uncertainty Separately49]. For present purposes we simply note that the
8, leads to a variance ansatz adopted in the neutron analysis also works for charged
particles, albeit with some complications.

Bp
(10°% mb/sr eV®)

2\_ p2p\124 S2
(P =AM+, . (20
- . V. PROPOSED EXPERIMENT
The probability for measuring an asymmetry betweep
andP,+dP, is A. Experimental procedure

Measurements of\, will be made with a longitudinally
dP polarized beam of protons incident on a thin target supported
" by a thin carbon foil. The alpha particles will be counted in a
large solid angle detector at backward angles. Four small
surface barrier detectors located at forward angles will detect
dQ,. elastically scattered protons and monitor the product of inci-
dent proton flux and target thickness. Measurement of longi-
(21)  tudinal asymmetries at the 16 level requires that the sta-
tistical and systematic uncertainties be reduced to the few
whereQ, =P, /A, anddq =3,/A, . times 10 ° level.

2
PM

1
J2m(P2) eXF{ - 2(P)

F(P,)dP,=

1 p[ Q2
= exy — 2, 2
J2m(M2+ 5Q?ﬂ) 2(M +5QM)
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TABLE Ill. Maximum values of 8y and the corresponding proton energy =1, 4, and 41 for

resonance pairs if'P(p, a,). The calculations assume a detector covering the rénged0 °—170° and an
energy resolution of 500 eV FWHM.

N=1 N=4 N=41
Resonace B, E, Ba E, Bas E,
pair (10 mbsrtev™? (MeV) (10 *mbsrtev? (MeV) (10 ®mbsrlev=? (MeV)
1 0.031 1.6433 0.031 1.6433 0.031 1.6433
2 0.061 1.9756 3.2 1.9756 3.9 1.9756
3 0.40 1.9890 1.3 1.9890 1.6 1.9890
4 0.010 1.9808 0.010 1.9808 0.010 1.9808
5 0.099 1.9808 0.10 1.9808 0.10 1.9808
6 0.034 2.2574 0.040 2.2574 0.045 2.2574
7 1.5 2.7067 1.5 2.7067 15 2.7067
8 0.0081 2.8289 0.0081 2.8289 0.0081 2.8289
9 0.00034 2.9063 0.015 2.9063 0.019 2.9063
10 0.011 2.9494 0.011 2.9498 0.011 2.9498
11 0.12 2.8111 0.12 2.8111 0.12 2.8111
12 0.039 2.8473 0.045 2.8472 0.046 2.8472
13 0.28 2.8489 0.87 2.8481 1.0 2.8480
14 0.028 2.8650 0.028 2.8650 0.028 2.8650
15 4.0 2.8652 6.9 2.8651 7.2 2.8651
16 0.000058 2.9774 0.000059 2.9774 0.000059 2.9774
17 0.0013 2.9778 0.0022 2.9776 0.0023 2.9776
18 0.033 2.9781 0.18 2.9773 0.20 2.9773
19 6.6 3.0339 8.5 3.0339 13 3.0353
20 0.00041 2.9064 0.018 2.9064 0.023 2.9064
21 0.042 2.9497 0.043 2.9497 0.043 2.9497
22 0.00026 3.2372 0.00027 3.2372 0.00027 3.2372
23 0.0015 3.2511 0.0022 3.2511 0.0038 3.2592
24 0.0080 3.2593 0.014 3.2598 0.018 3.2593
25 0.000013 3.1849 0.000019 3.1831 0.000020 3.1831
26 0.0029 3.1838 0.0029 3.1838 0.0029 3.1838
27 0.021 3.1843 0.027 3.1841 0.028 3.1841
28 0.00013 3.2372 0.00021 3.2373 0.00023 3.2375
29 0.00096 3.1968 0.0014 3.1962 0.0032 3.2507
30 0.029 3.2594 0.031 3.2595 0.032 3.2596
31 0.00022 3.3843 0.0079 3.3843 0.013 3.3939
32 7.0 3.3938 8.3 3.3938 16 3.3939
33 0.0000011 3.4259 0.0000037 3.0352 0.0000058 3.0352
34 0.94 3.4258 1.0 3.4258 1.0 3.4258
35 0.0067 3.4386 0.0078 3.4382 0.0079 3.4382
36 0.000025 3.4287 0.000026 3.4287 0.000027 3.4287
37 0.000037 3.4390 0.000053 3.4385 0.000054 3.4385
38 0.0000018 3.5435 0.000020 3.5439 0.000022 3.5439
39 0.0000051 3.5843 0.0000051 3.5843 0.0000051 3.5843
40 0.0000020 3.6412 0.0000021 3.6412 0.0000022 3.6412
41 0.0000092 3.9005 0.000013 3.9002 0.000014 3.9002
42 0.0000056 4.0008 0.000024 3.7327 0.000029 3.7333
43 0.0022 3.7667 0.0022 3.7667 0.0022 3.7667
44 0.044 3.8222 0.056 3.8222 0.061 3.8222
45 0.00027 3.8472 0.034 3.8472 0.041 3.8472
46 0.045 3.8527 0.12 3.8528 0.14 3.8528

The systematic uncertainties are reduced by severdlon components. The proton beam properties will be moni-
means. The azimuthal symmetry of the detector will reducdored and controlled to the extent feasible. The proton
the sensitivity to many effects, including leading-order con-polarization is varied in a sequence designed to cancel sys-
tributions from beam misalignment and transverse polarizatematic effects. The polarization will be reversed at a 10 Hz
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The alpha particle detector must subtend a large solid
angle(approaching #), be segmented id, and have suffi-
. . cient energy resolution to separate the alpha particles from
8 I | the elastically scattered protons. Thp, &) reactions em-
ployed are exoergic and the resulting spectra are rather
simple. However, the proton-counting rates are so high that
the counting rate considerations require a higher degree of
segmentation than do the effects of the angular dependence
4 . of the parity violation. A silicon strip detector seems ideal
L for these measurements. The tentative design involves com-
5 L i mercially available silicon strip detectors that are trapezoidal
in shape and segmented into 16 strips per detector. Each
‘ | ; . | detector would cover an octant with the four detectors ar-
ranged in the shape of a pyramid, covering the angular range
100°=9=<170° and 0% ¢$=<360°. There will be 64 chan-
nels of electronics. This approach is similar to that described
by Wuosmasaet al.[53]. Because of the positiv® value for
the reaction, typically 2 MeV, analog-to-digital converter
(ADC) gates can be generated only for the alpha particles.
Because of the unique geometry and of the concerns about

rate in an eight-step sequente- — + —++ —, which can-  position stability, etc., a dedicated chamber will be designed
cels detector drifts to second ord&0]. The proton energy and constructed for this experiment.

will be ramped over the resonance of interest with a period

of approximately 100 s in energy steps of about 50 eV, B. Numerical estimates
which allows subtraction of the backgroukeff-resonancg
asymmetry from the PN@Qon-resonangeasymmetry.

Resonances in p + 31p

Number

O | |
107 107 1071 107® 107% 1077 107% 107°
B, (mb sl ev®

FIG. 4. The maximum figures of mer@, (for a detector seg-
mented into four ranges af) for resonance pairs iR'P(p, ap).

Equation(15) can be used to estimate the time required to
i imi - 2y-1
Special efforts will be made to monitor and/or control the:gﬁggtsaﬂ?'evz?(plg:;g%’l (t:on((;ﬁgxs_) thé Egzn;:?:tz[r?gi!:y the
proton beam properties, including position on target, energyfarget thickness, and the detector solid angle. A reasonable

polarization, and i'n.tensit'y. Horizqntal and vertipal COMPO- o qtimate of the maximum polarized beam is about 500 nA
nents of beam position will be monitored. A special feedbackthe target thickness is of order Jg/cm?, and the maxi- '

system will take current readings following the analyzing mum solid angle is 2. If we adopt 10° mbi(sr eV?) as a

magnet system and generate a signal to the carbon stripp ; ; X

foil in the terminal of the tandem. Preliminary tests indicate cOnVenient standard unit fgsp an havev'in eV, then the
[51] that this reduces the terminal fluctuations to less thajxpressmn_redupes te- 1363/'8PV_ ’ _W'tht in seconds. Then
100 eV, and also improves position stability. The averag or Bp=1 (in units of 10°°), a limit of V=50 m_eV corre-
transverse polarization moments will be monitored by theSpon_dS to 10" s or about 0.5 da_y. For a typical average
four detectors located at forward angles. Higher-order polarSPacing ofD=>50 keV, a determination o=50 meV

ization moments arising from inhomogeneous polarizatiori"’of'7Id correspond to a weak spreading width of a few times
distributions[52] also will be determined. 10~ ‘, comparable to the value observed in heavy nuclei by

the neutron PNC measurements.
Another approach is to assume that no parity violations
Resonance Pairs are observed. Fof'P there are eight resonance pairs with
values of Bp=1x10"°. For these resonances the limits on

39 T ] V placed by a null result after 1 day of measurement would
30 - Na /D 1 be 20 meV(resonance pair N0.)231 meV(No. 3), 32 meV
E -% (No. 7), 39 meV(No. 13, 15 meV(No. 15, 11 meV(No.
<5 . 19), 10 meV (No. 32, and 39 meV(No. 34. This would
500 —_— correspond to an average limit of about 25 meV on the rms
=R ] matrix element, and would imply that the weak spreading
515 width is significantly smaller in light nuclei than in heavy
Z [ . . f
. nuclei. Therefore even this set of null results would be quite
10 1 important.
VI. SUMMARY
07107107107 107 107% 1077 107% 1077 1077 The recent measurements of parity violation in neutron
B, (mb sr™! ev®) resonances in heavy nuclei suggest that the determination of

PNC matrix elements in light nuclei be given a high priority.
FIG. 5. The maximum figures of mer, (for a detector seg- We have considered parity violation in the, () reaction
mented into four ranges of) for resonance pairs in fives2ld using experimental resonance parameters for fsrd @ nu-
shell nuclei. clei. We obtained predictions for 331 resonance pairs for the
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relative enhancement of the longitudinal analyzing powercharged-particle resonance studies of parity violation are
This ratio shows striking sensitivity to energy, angle, and thequite feasible.
specific resonance pair. A figure of merit involving both the

relative enhancement and the differential cross section was

calculated for each resonance pair. Assuming that the weak

spreading width has the value obtained in the neutron mea- This work was supported in part by the U.S. Department
surements on heavy nuclei, an estimate for the lWgalwas  of Energy, Office of High Energy and Nuclear Physics, un-
obtained for each resonance pair. This provides an estimatier Grants Nos. DE-FG05-87-ER40353 and DE-FG05-88-
for each of the 331 resonance pairs. Numerical results arER40441. The authors would like to thank D. P. Balamuth,
given for the 3P resonance pairs. The proposed experimenH. L. Harney, N. R. Roberson, H. A. Weiderittar, and W.

tal procedure was described. Particular emphasis was plac&d Wilburn for informative discussions. We especially wish
on the design of a segmented detector. Examples using rets thank W. S. Wilburn for suggesting the proposed design
sonable values for experimental parameters indicate thaif the charged-particle detector.
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