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Besides the retardation, the only other approximation
in this work is the neglect of the interior basis state with
a radial quantum number #>0. We showed, however,
in Sec. IT that these neglected states couple about 20
times more weakly to the first-order transition than the
weakest-coupling channels that were taken into account.

Another open question is, of course, whether our
nuclear model, which is, of course, very schematic, gives
an appropriate representation of the possible virtual
states. We take only a few discrete states of the whole
spectrum of electron-nucleus scattering into account,
namely, those such that the energy loss of the electron
is £<20 MeV. This is justified as long as one is in-
terested in order-of-magnitude results and deals with
moderate incident electron energies. If, however, the
incident energy of the electron becomes large, then
virtual excitations into the quasi-elastic peak, or even
virtual meson production, could play a role in the dis-
persion effect, inasmuch as we found that the dispersion
effect depends on the energy loss of the electron in a
virtual excitation only through the interaction matrix
elements (Sec. IIT). Moreover, these states form a
continuum (as does the giant resonance in a more
realistic model). The nuclear continuum problems
which arise in electron scattering have recently beer
treated by applying the EKT to a nuclear shell-model
Hamiltonian, while the electron was treated in Born

ELECTRON-NUCLEUS SCATTERING

1059

approximation.*® To include higher-order effects one has
to apply the EKT to both the electron and the escape
nucleon. Such a two-particle EKT has also been
formulated.”

An actual calculation of this type will, however, be
very involved. It therefore seems advantageous to
consider the closed forms (42) (in which no explicit
reference is made to the intermediate states) or (41)
(which can be evaluated by the use of sum rules) for
further applications of the eigenchannel theory to
electron scattering.
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The vector analyzing power Dy(¢) and the tensor analyzing powers D3;(0) and [Dy1(6) —Da2(6) ] of the
H2(d, p) H? reaction have been measured at a mean deuteron energy of 140 keV using a beam of polarized
deuterons from the Yale polarized-ion source and a 100-keV-thick target of unpolarized deuterated poly-
ethylene. The results for the vector analyzing power are in agreement with previous measurements by
Ad’yasevich et al. at 100 and 200 keV and are consistent with a theoretical treatment by Rook and Goldfarb.
In the notation of this treatment, the results are B;/By=0.321240.059 and B;/By= —0.0364-0.042. The
results for the tensor analyzing powers are in reasonable agreement with a previous measurement
by Ad’yasevich et al. at 165 keV and are not consistent with the Rook-Goldfarb treatment in that a small
contribution from quintet-state reaction matrix elements is apparent. The experimental results for the
tensor analyzing powers are given by Bs/Bo=—0.05940.015, Bs'/Bo=—0.556-+0.102, and B;/B,
= —0.413-£0.152. The quintet-state contributions, in the notation introduced in this paper, are measured to
be Bg/Bo=—0.1484-0.084 and B;;1/B¢=0.002+0.009. A calculation is made in which the assumptions of the
Rook-Goldfarb treatment are relaxed in order to allow nonvanishing s-wave quintet-state reaction matrix
elements. Explicit expressions for the various contributions of these reaction matrix elements to the differen-
tial cross section are presented.

I. INTRODUCTION

INCE its discovery by Lawrence, Livingston, and
Lewis! in 1933, the H2(d, ) H? reaction has been

* Research supported by the U.S. Atomic Energy Commission.

T Based on a dissertation submitted by R.I.S. to the faculty
of Yale University in candidacy for the Ph.D. degree.

7.’1: Present address: Oregon State University, Corvallis, Ore.
97331.

1E. O. Lawrence, M. S. Livingston, and G. N. Lewis, Phys.
Rev. 44, 56(L) (1933).

the subject of a great number of investigations, both
theoretical and experimental. The main point of interest
for the earliest work was the 1936 discovery? that the
angular distribution of the outgoing protons was
anisotropic in the c.m. system even at energies as low as
100 keV. This fact indicated that p-wave contributions
to the reaction were important at these low energies.

2 A. E. Kempton, B. C. Browne, and R. Maasdorp, Proc.
Roy. Soc. (London) A157, 386 (1936).
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Fic. 1. Coordinate system used for the description of the
H2(d, p) H3 reaction with incident deuterons polarized transverse
to the direction of beam propagation. The polarization direction
is indicated by the double-shafted arrow.

In 1948, following extensive measurements of the
energy dependence of the anisotropy,® Konopinski and
Teller pointed out! that noncentral forces were required
in order to explain the experimental results. Because the
existence of these forces suggested that the reaction
would be sensitive to the polarization state of the
incident deuteron beam and because of the current
availability of sources of polarized deuterons, interest
has recently been growing in the study of polarization
effects in this reaction. Presently available experimental
results on the H2(d, p)H?® reaction with polarized
incident deuterons are given in Refs. 5-11. The present
work utilizes a polarized-ion source which is quite
different from those of Refs. 5-11. The Yale polarized-
ion source consists of an atomic-beam magnetic-
resonance device utilizing the classic Rabi two-wire
magnetic field geometry. Although its beam intensity
is low (=% nA) by current standards, this source has
the advantage of allowing the beam polarization to be

3 H. P. Manning, R. D. Huntoon, F. Myers, and V. Young,
Phys. Rev. 61, 371 (1942); R. D. Huntoon, A. Ellett, D. S.
Bayley, and J. A. Van Allen, ¢bid. 58, 97 (1940); E. Bretscher,
A. French, and F. Seidl, bid. 73, 815 (1948).

4 E. J. Konopinski and E. Teller, Phys. Rev. 73, 822 (1948).

5 D. Fick, R. Fleischmann, and G. Graw, in Proceedings of the
Second International Symposium on Polarization Phenomena of
Nucleons, Karlsruhe, 1965, edited by P. Huber and H. Schopper
(W. Rusch and Co., Bern, 1966), p. 359.

6 H. A. Christ and L. Brown, Nucl. Phys. 79, 473 (1966).

7 C. Petitjean, P. Huber, H. Paetz gen. Schieck, and H. R.
Striebel, Helv. Phys. Acta 40, 401 (1967).

8 B. P. Ad’yasevich, Yu. P. Polunin, and D. E. Fomenko,
Yadern. Fiz. 5, 713 (1967) [English transl.: Soviet J. Nucl
Phys. 5, 507 (1967) ].

9 B. P. Ad’yasevich, V. G. Antonenko, P. A. Kuznetsov, Yu. P.
Polunin, and D. E. Fomenko, Yadern. Fiz. 8, 267 (1968) [ English
transl.: Soviet J. Nucl. Phys. 8, 154 (1968)].

1 F, A. Giickel, H. W. Franz, and D. Fick, Z. Physik 214,
321 (1968).

1D, Fick and H. W. Franz, Phys. Letters 27B, 541 (1968);
H. W. Franz and D. Fick, Nucl. Phys. A122, 591 (1968).
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changed merely by switching an rf frequency. Because
of this feature, many possible sources of systematic
error are eliminated. For example, it is unnecessary to
change any magnetic fields in order to reverse the sign
of the vector polarization.

The results of these measurements have been re-
ported in preliminary form in Refs. 12 and 13.

II. THEORY OF THE H?*(d, p)H® REACTION

A. Relationship between Analyzing Powers and
Differential Cross Section

The differential cross section ¢,(8, ¢) for a reaction
with polarized incident spin-1 particles and unpolarized
target has been given in terms of the unpolarized cross
section ao(6) by"

a,,(B, ®) =(70(0) [1+‘%P‘PA+%P33P33A
+3(ProPro+ P13Piz*+ PosPos?)
+3(Pu—Pu) (Put—Pnt)], (1)

where the coordinate system is shown in Fig. 1, where
the quantities P and P,;, the polarization vector and
tensor, respectively, define the polarization state of the
incident beam, and where the functions P4 and P;;*
are characteristic of the reaction and completely
describe the effect of beam polarization on the dif-
ferential cross section. These functions are therefore
known as the vector and tensor analyzing powers,
respectively.

In the present experiment, the only nonvanishing
components of the polarization vector and tensor were
given by

Py = Py*,

Poy=Py3=—§ P35, (2)
and

Py=Ps*

(where the notation Ps3* for the tensor polarization and
Ps* for the vector polarization arises from the fact that
these quantities are described in the atomic-beam
system, in which the polarization axis is taken as the
three-axis; whereas the coordinate system for describing
the nuclear reaction uses the beam propagation direc-
tion for the three-axis). Values of P3* and Ps3* are given
in Fig. 2 for each of the available rf transitions. Since
Pip, Pz, and Py were zero in this experiment, only two
of the tensor analyzing powers were determined: Ps;4
and (PuA—szA).

Under the assumption of parity conservation, the

12D, C. Bonar, R. L. Steinberg, and C. W. Drake, Bull. Am.
Phys. Soc. 13, 98 (1968).

13 R, I. Steinberg, D. C. Bonar, and C. W. Drake, Bull. Am.
Phys. Soc. 14, 22 (1969).

14 L. J. B. Goldfarb, Nucl. Phys. 7, 622 (1958).
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F16. 2. Energy-level diagram for deu-
terium in a magnetic field H/H,, where
H.~117 G. AW is the hyperfine-struc-
ture separation of deuterium, 327.38

POLARIZATION EFFECTS IN THE Hz(d,?)H3_REACTION 1061
I=1, AW positive
freq. (MHz) F';f P:3
104 -0.67 (0]
325 -0.50 -0.50
444 +0.50 -0.50

MHz. Available rf transitions are indi-

cated, together with their frequencies
and the theoretical polarizations ob-
tained. The latter are calculated for equal
ionization of the two refocused states in
a 4-G field. The transitions, which were
induced at 75 G, are shown at different
values of H/H. only for purposes of
clarity.

following relationships are obtained!:
Pr4(6, ¢) =Di(0) sing,
PaA(8, o) =D,(0) cose,
P34(8, ¢) =0,
Py (6, ¢) =D (6),

Pu4(0, o) —Poe?(6, ©) =[D11(0) —Dpa(6) ] cos2¢, (3)
P14(8, o) = D1y(6) sin2e,
P134(8, ¢) =Di13(6) cose,
and
Poyt (0; ‘P) =D23(0) Sin¢,
where the D functions satisfy the relations
Di(6) =—Da(6),
De3(0) =D13(6), (4)

and
D15(0) = D11 (6) — Do (6).

In view of Egs. (4), it is seen that only four of the D
functions in Eqgs. (3) are independent: D,(8), Ds3(6),
Dy3(6), and Dy1(8) —Dex(8). In any reaction, further-
more, the maximum and minimum values allowed for
these analyzing powers are

Dy () max=+1,
Dy(0) min=—1,
Dy3(0) max=+1,
Ds3(0) min=—2,
Di3(0) max=+3,
Di3(0) min=—3,

[D11(6) — D22(8) Jrmax=+3,
[Du(6) — Dys(6) Jomin=—3.

15 H. Biirgisser, E. Baumgartner, R. E. Benenson, G. Michel,
F. Seiler, and H. R. Striebel, Helv. Phys. Acta 40, 185 (1967).

and

H/He

In the alternative spherical tensor-moment representa-
tion, the four independent analyzing powers are de-
noted by 171/, Ta’, Te/, and Te’, where the relations
between the two sets of analyzing powers are

Dy(8) = (—2/V3)iTw'(6),

D33 (0) =\/2_T20, (0) y

D13<0) = —\/3T21’(0) )
and

Du (0) - D22(0) = 2\/3T22’ (0) .
Substitution of Egs. (2)-(4) into Eq. (1) leads to
o5(0, ¢) =00(0) {1—3P5*D2(8) sing— P35 Ds;(0)
+ 1P [ Du(8) — Dus(6) ] cos2e}, (5)

which is the desired relationship between the analyzing
powers and the differential cross section for the present
experiment.

B. Calculation of Analyzing Powers

The analyzing powers of the H2(d, p)H?® reaction
have been calculated by Rook and Goldfarb® subject to

TaBLE L. Initial- and final-state quantum numbers for the
reaction matrix elements included in the calculation of the
H2(d, p)H3 analyzing powers. The initial-state quantum numbers
are denoted by S’/'J, the final-state quantum numbers by SIJ.
The notation for the matrix elements follows that of Ref. 16.

Matrix
elements N 14 J S I
@ 0 0 0 0 0
a1g 1 1 0 1 1
[235] 1 1 1 1 1
Ty 1 1 2 1 1
Bu 1 1 1 0 1
s 0 2 2 0 2
Be 0 2 2 1 2
Yoz 2 0 2 0 2
o2 2 0 2 1 2

16 J. R. Rook and L. J. B. Goldfarb, Nucl. Phys. 27, 79 (1961),
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the following assumptions: In the entrance channel,
partial waves beyond d waves may be neglected and d
waves need to be considered only in interference with
s waves; in the exit channel, all partial waves higher
than d waves can be excluded; and quintet-state col-
lisions of the two-deuteron system may be ignored.

In order to investigate the wvalidity of this last
assumption, the calculation has been extended to
include the possibility of quintet-state effects. The
assumptions of this calculation were identical with
those of the previous one'® except for the inclusion of
s-wave quintet reaction matrix elements, of which only
two exist. Other possible quintet matrix elements are
d-wave and higher and were not included in the cal-
culation. Since the quintet elements were expected to be
relatively small, terms involving the product of two of
them were neglected.

The nine reaction matrix elements included in the
calculation are listed in Table I together with the
initial- and final-state quantum numbers for each
element. The two s-wave quintet-state matrix elements
are denoted by < and dgs, where the y-matrix elements
describe quintet-singlet transitions and the & elements
describe quintet-triplet transitions.

The procedure used was the tensor moment method."
A version of program TENMO,'® modified to allow for the
identity of the initial particles, was used. The results of
the calculation are given by

Dy(0) =3[Wo(0) I
X (? Pii(cosd) + % Pm(cosﬂ)> ,

2 B: Bg
Dis(6) = —— (= -+ =2 Py(cost
i, 55(6) Wol@) (Bo+ B 1(cost)

5

By’ By By
+ By P2(cosh) —i—E] P3(cosh) + B P4(c050)) , (6)

3 Bs

B
Dy (0) — Dy, (0) = m)— (Bo Pzz(COSB) + B?:E Py, (COSG)

B
+ B___‘l)2 P42(COSG)) 5

and
Dy5(0) =3[ Wo(0) I

B B
X (If Pii(cosf) 4+ Eﬁ P2 (cosf)

B B
+= P31(cos) + == P41(cos0)) ,
By By

17T, A. Welton, Fast Neutron Physics, edited by J. B. Marion
and J. L. Fowler (Wiley-Interscience, Inc., New York, 1963),
Vol. IT, p. 1317.

18 R. D. McCulloch, H. W. Graben, S. T. Thornton, and H. B.
Willard, Oak Ridge National Laboratory Report No. ORNL-
4125, 1967 (unpublished).
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where Wy(6) is the unpolarized angular distribution
[see Eq. (11)7], P, is an associated Legendre function,
and where

Bo= lao |+ | auo [*+3 | eus [*+3 | Bu P43 | ez [%
B;= Im(5.1960B11* — 4.108v2811* — 3.5588020011*
+3.55808p2010™) ,
By= Im ({onocs™+3anon™),
Bs=% | a2 |"+% [ au [P— 1 | Bu [+ Re(— oo™
+1.0547v02000™ — 1.5067yp902™ — 0.7536028:*) ,
Bs=1%| aus |2+ Re(ausano* —Zanon™+2.108vp00*
+1.506v0202* +0.75360282%),
Bs'=2Bg— Bs,
Br=%(| ara [2=3 | Bu |*=3 | o1 ™42 | a0 |?)
+3.162 Re(yo0e™+08026:*) ,
Bs= Re(—4.930v0:8u™* —4.2698090t1* — 1.4238000012%)
Bo= Re(4.930v08y* —2.8468ma* — 5.6928ma5%)
Bio= Re(8.132vpa0* —5.42150985*) ,

(7

Bu=%B,,
Bre=1%B,
B13 =B8y
B14 =%B9y
Bys;=3%Buy.

It is seen that, subject to the above assumptions, only
the nonvanishing of quintet-state matrix elements can
yield finite values for the coefficients Bg—Bis. Further-
more, the coefficients Bs, By, B11, B, and Byalead to the
appearance in the tensor analyzing powers of Legendre
functions of odd order. The presence of a contribution
from odd-order Legendre functions in these analyzing
powers is readily detectable experimentally by noting
the symmetry properties of the measured curves with
respect to the substitution (w—8) for 6. For odd values
of m, odd-order Legendre functions are symmetric
with respect to this substitution, while for even values
of m, these functions are antisymmetric. As may be
shown from Eq. (146) of Ref. 17, moreover, no com-
bination of singlet and triplet matrix elements can lead
to Legendre functions of odd order, regardless of how
high a partial wave to which the matrix elements
belong. (For an explicit proof of this statement, see
Ref. 19.) Detection of odd-order Legendre functions in
the tensor analyzing powers thus constitutes unambigu-
ous proof of quintet-state collisions.?

19 R, 1. Steinberg, Ph.D. thesis, Yale University, 1969, p.
105 (unpublished).

20 The participation of quintet-state collisions in the reaction
was first pointed out by Goldfarb in a private communication

noted in Ref. 7. See also L. J. B. Goldfarb and H. E. Reed, Phys.
Letters 27B, 140 (1968).
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Fic. 3. Over-all schematic diagram of the experiment, showing atomic-beam magnetic-resonance spectrometer mounted at high potential,
together with electrostatic accelerator and scattering chamber where the H2(d, p) H? and H3(d, ») He! reactions were induced.

III. APPARATUS

A. Description

A schematic diagram of the experimental arrangement
is shown in Fig. 3. For the present experiment the
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F1e. 4. Diagram of the high-voltage platform on which was
mounted the entire polarized-ion source.

polarized-ion source has been mounted on a high-voltage
platform, as indicated in Fig. 3. The atomic-beam
magnetic-resonance apparatus used for the production
of polarized deuterium atoms has been described
previously.?-22 After passing through the detector slit of
the atomic-beam apparatus, the polarized atoms were
ionized by an electron-bombardment ionizer, which is
described below. After extraction from the ionization
region, the ions were focused and accelerated to about
15 keV by means of the preaccelerating electrodes.
The beam then entered the main accelerator tube
where it was electrostatically accelerated to the final
energy of 190 keV. The beam was momentum analyzed
by a deflecting magnet before entering the scattering
chamber. Once inside this chamber, the beam struck a
target of deuterated polyethylene. Outgoing protons
from the H2(d, p) H?® reaction were detected by solid-
state detectors. The polarization and background con-
tamination of the beam were monitored continuously
during data collection by allowing a small fraction of the
beam to pass through an aperture in the polyethylene
target and continue on to a thick tritiated-titanium
target where the H3(d, #) He? reaction took place. The
14-MeV neutrons produced by this reaction were
detected by plastic scintillation detectors mounted
outside the vacuum system. This method largely
eliminated systematic errors caused by fluctuation of
the polarization and background contamination.

B. Design

The most important modifications of the apparatus
described in Refs. 21 and 22 are mounting of the
polarized-ion source on a high-voltage platform, design
and construction of a new electron-bombardment

. 2V, W. Hughes, C. W. Drake, D. C. Bonar, J. S. Greenberg,
and G. F. Pieper, Helv. Phys. Acta. Suppl. 6, 89 (1960) ; ibid. 6,
435 (1960).

2 D. C. Bonar, C. W. Drake, R. D. Headrick, and V. W.
Hughes, Phys. Rev. 174, 1200 (1968).
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F1c. 5. Schematic diagram of the electron-bombardment
ionizer. Also shown is a plot of electrostatic potential versus
distance for a typical transverse section of the gun.

ionizer, mass analysis of the beam, and construction of a
suitable scattering chamber. These modifications will be
discussed below.

1. High-Voltage Plalform

The polarized-ion source was mounted on the high-
voltage platform shown in Fig. 4. The enclosure was
designed for voltages up to 600 kV; however, at the
voltage of 190 kV used for the present measurements,
it was not found necessary to enclose the ion source
completely. ac power for the source was derived from a
generator driven by an electric motor through a rotating
nonconducting shaft. High-voltage dc power was
supplied to the platform from a 600-kV insulating-core
transformer. Chilled deionized water and compressed
air needed for the operation of the source were supplied
through plastic pipes. Two Plexiglas light pipes were
used to control the polarization mode of the source.
The high voltage was measured by means of a rotating-
vane generating voltmeter which was calibrated against
a high-resistance voltmeter of 39, accuracy.

2. Tonizer

A schematic top view of the new ionizer is shown in
the upper part of Fig. 5. Electrons emitted from two
Philips cathodes, one on each side of the atomic-beam
trajectory, were accelerated toward the atomic beam
by two grids. After crossing the atomic beam, the elec-
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trons were collected by these grids. The space charge
due to the presence of electrons between the grids
produced a depression of the electrostatic potential in
this region. The resulting potential distribution is
diagrammed at the bottom of Fig. 5. Ions formed by
collision of the electrons with the atomic beam were
trapped in the potential well. In order to extract these
ions, the gun was designed so that the intergrid spacing
gradually increased toward the exit end. The increasing
grid spacing produced a deepening of the potential well
which caused extraction of the ions. The intensity of the
beam of D% ions from the ionizer, measured after
acceleration, was typically 1.3 nA with rf on and 0.8 nA
with rf off. Thus, 0.5 nA of polarized Dt ions were
obtained after subtraction of the “rf-off”” current from
the “rf-on” current. The 0.8 nA of rf-off current resulted
from ionization of background deuterium gas, and was
therefore unpolarized. The over-all efficiency of the
ionizer was estimated to be greater than 3)X1073. The
gun operated quite reliably for periods of 300-400 h.
An unexpected difficulty, however, was encountered in
the form of a 25-509, loss of polarization. The precise
mechanism of this partial depolarization is not clearly
understood but is thought to be due either to the
formation of trapping regions in the space-charge-
induced potential gradient as a result of nonuniformities
in cathode emission or to collisional processes with
background atoms in the ionization region.

3. Momentum Analysis

After electrostatic acceleration, the beam entered a
30° bending magnet for momentum analysis. The
lower - exit port of the magnet led directly into the

From Magnetic Analysis

BNC Vacuum

Feed Through Beam Direction

Deuterated Entrance Port A
Polyethylene
Target 9.5mm Collimating

Aperture

—Surface Barrier
Detectors

Tritium-Titanium
Target

Doped Polystyrene '
Neutron Detector

Fic. 6. Diagram of the scattering chamber where the
H2(d, p)H?® and H3(d, »)He! reactions took place. The neutron
detector in the drawing was at a 0° angle with respect to the
polarization axis; a second detector, not shown, was placed at
90°, These two neutron counters were used to measure the 0°/90°
asymmetry of the neutron angular distribution as a check on the
beam tensor polarization.

Photomultiplier
Tube and Preamplifier
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scattering chamber, while two other ports were provided
with ZnS-coated windows for viewing the beam.

4. Scattering Chamber

A schematic top view of the scattering chamber is
shown in Fig. 6. The momentum-analyzed beam was
collimated by a circular aperture before striking the
target. The 100-keV-thick deuterated-polyethylene
target was mounted on a 1-mg/cm? backing of Al foil.
Although thick enough to completely stop the incident
deuteron beam, the backing permitted outgoing 3.5
MeV protons to escape with only a 70-keV energy loss.
Multiple Coulomb scattering of the outgoing protons
was calculated to be less than 1 deg and was therefore
not a serious problem. A 1-mm-diam hole in the Al
backing allowed a fraction of the beam to reach a thick
target of tritiated titanium. Surrounding the deuterated-
polyethylene target was an array of eight Si surface-
barrier detectors. The detectors were placed at a
distance of 37 mm from the target, subtending a half-
angle of approximately 8°.

To study the azimuthal dependence of the angular
distribution, the entire scattering chamber could be
rotated about the beam axis.

Iv. METHODS

The transitions used for the present experiment are
indicated by B and C on the Breit-Rabi diagram shown
in Fig. 2. The theoretical vector and tensor polarizations
obtained from these transitions are also shown in that
illustration. Because of the partial depolarization
mentioned above, it was necessary to monitor the beam
polarization continuously. The tensor polarization was
obtained by measurement of the 0°/90° asymmetry of
the H3(d, n) He! neutrons. The sensitivity of this reac-
tion to tensor polarization had been experimentally
confirmed.”® The value of the vector polarization was
then determined from knowledge of the tensor polariza-
tion. The principal assumption used in this determina-
tion was that the depolarization was attributable to
partial admixture of background deuterium atoms into
the polarized beam. With this assumption it is clear that

TasLE II. Experimental values for the analyzing powers of the
H?(d, p) H? reaction at 140-keV mean deuteron energy.

c.m.

angle D, Dy (Du—Dag)
33.2° 0.0440.07 —1.2140.23 —0.074:0.23
94.6° 0.13+0.10 —0.3720.31 —0.8040.31
123.3° 0.1740.09 —0.524-0.30 —0.344-0.30
151.6° 0.1740.09 —1.094-0.34 —0.0740.34
152.4° 0.204-0.08 —1.0640.25 —0.154:0.25
92.2° 0.2640.09 —0.3140.28 —0.5840.28
63.5° 0.3540.09 —0.8440.30 —0.444-0.30
31.1° 0.03+£0.07 —1.584-0.23 —0.0940.23

2 . Baumgartner, L. Brown, P. Huber, H. Rudin, and H. R.
Striebel, Phys. Rev. Letters 5, 154 (1960) ; H. Rudin et al., Helv.
Phys. Acta. 34, 58 (1961).

POLARIZATION EFFECTS IN THE H?*(d,p)H?

REACTION 1065

TasLE ITI. Values for the least-squares coefficients
[see Eq. (10) 7.

o 0.214-+0.039
a —0.02440.028
by —0.826:+:0.303
by —0.2974+0.1067
by —1.11240.204
23 —0.17740.046
c3 0.006=£0.028

the percentage depolarization of the vector polarization
is the same as that of the tensor polarization.

The actual data collection was performed by alter-
nating 6-sec periods of “rf on” with equal periods of
“rf off.” In this way, many possible sources of syste-
matic error were eliminated. For the determination of
the tensor analyzing powers it was found possible to
double the polarized-beam intensity by running trans-
tions B and C simultaneously. Because these transitions
produced equal tensor polarizations of —% and opposite
vector polarizations of —3% and -3, respectively,
simultaneous excitation of the two transitions resulted
in a beam with tensor polarization of —% and zero vector
polarization, assuming equal transition probabilities.
All measurements of the tensor analyzing powers used
this method of simultaneous transitions. Corrections
were applied for the small systematic error caused by
inequality of the two transition probabilities.

V. RESULTS
A. Data Analysis

The ratio of polarized to unpolarized cross sections
at each angle was determined from the expression

0'1,(0, ‘P) zRNon_Noff
oo(8) Nogt

where Non and Nt were the numbers of proton counts
recorded with “rf on” and “rf off,” respectively, and
where the normalizing factor R was the ratio of un-
polarized- to polarized-beam intensities. R was deter-
mined by data from the H?(d, ») He? reaction by means
of the expression

Mots— M ex
R= ————
Mon_Moff

where Mo, and Mog are the counts recorded by the 0°
neutron counter with “rf on” and “rf off,” where M is
the cosmic-ray background recorded by that counter,
and where the factor within the parentheses is a correc-
tion for the anisotropy caused by beam tensor polariza-
tion.

Experimental values for the cross-section ratios were
obtained from Eq. (8) for the half-planes characterized
by ¢ =0, 3, 7, and $7. From these values the analyzing
powers Dy (6), D33(6), and [Dy(0) — Dy (6) ] were cal-
culated by means of Eq. (5). Theoretical curves were
then fitted to these analyzing powers by means of the

(8)

(1—3Ps*), 9)
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A
3
Fic. 7. Final results for the vector
) analyzing power D, (f) of the H2(d, p)H?
2 ' reaction. The curveis a least-squares fit
to the data points.
A
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Fi1c. 8. Final results for the tensor
analyzing power Dy3(0) of the H2(d, p)H® -1.0f
reaction. The curve is a least-squares fit
to the data points. The error bars drawn
at 0° are discussed in Sec. V B. T
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F1c. 9. Final results for the tensor
analyzing power [Du(9) —Ds(6) ] of the
H2(d, p)H?® reaction. The curve is a
least-squares fit to the data points.
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expansions

Dz(o) = [PVO(B) ]—1 i alPu(COSG),

=1

Da(6) =[Wo(8) T 3 biPu(cost),  (10)

and
Du(e) _Dzz(o) = [Wo (0) ]_]' éClPl'z(COSG) ,

where Wo(8), the unpolarized angular distribution, is
given by

Wo(0) =140.385P2(cosd) +0.018 P4(cosh). (11)

A matrix-inversion routine based on the method de-
scribed in Ref. 25 was used for the computation of the
least-squares coefficients and their standard deviations.

B. Final Experimental Values

The final experimental values obtained for D,(6),
D33(0), and D13(0) — D (6) are presented in Table 1T,
the least-squares coefficients obtained for these analy-
zing powers are given in Table IIT, while the experimen-
tal points and least-squares curves are shown in Figs.
7-9. In all cases, the errors represent statistical errors
only; however, the only known source of systematic
error which is likely to be as important as the statistical
errors lies in the determination of the beam tensor and
vector polarization. Assumptions used in the determina-
tion of the vector polarization have been discussed in
Sec. IV of this paper. Any error in this determination
would multiply the present results for D,(f) by a
constant factor.

Measurement of the tensor polarization depends on
knowledge of the analyzing power of the H3(d, ») Het
reaction. The analyzing power of this reaction has
traditionally been calculated on the assumption that
the only contributing compound nucleus was the
Jr=3% state. However, the work of McIntyre and
Haeberli® on the He?(d, p) He* reaction suggests that a
5-10%, contribution from the J7=%% state is present
in that reaction, and therefore, presumably, in the
H3(d, n) He* reaction as well. If this estimate turns out
to be correct, it then follows that the polarization of the
beam was 5-109, higher than measured, and, therefore,
that the H?(d, p)H?® analyzing powers are lower than
measured by the same amount.

The error bars shown at 0° in Fig. 8 represent an
angle-independent error resulting from determination of
the factor R in Eq. (9). The effect of this error is to
subject the curve for Dy(8) to the vertical position

2¢ R. B. Theus, W. I. McGarry, and L. A. Beach, Nucl. Phys.
80, 273 (1966); L. A. Beach (erratum by private communication).
% J. Orear, University of California, Lawrence Radiation
Laboratory Report No. UCRL-8417, 1958, Sec. 16 (unpublished).
(1361';5 C. MclIntyre and W. Haeberli, Nucl. Phys. A91, 369
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TasrLE IV. Comparison of experimental results on the H2(d, p) H3
vector analyzing power D, (6).

Mean

energy

(kCV) B3/Bo B4/Bo
Present data 140 0.3214+0.059 —0.03640.042
Ref. 8 100# 0.1994+£0.010 —0.0464-0.011"
Ref. 8 200» 0.247+£0.005 —0.0752-0.008
Ref. 8 3002 0.2454+0.003 —0.0844-0.003>
Ref. 8 4002 0.2564+0.002 —0.086+0.008>
Ref. 8 500# 0.2660.007 —0.0954-0.007>
Ref. 7 460 0.297+£0.009 —0.1014-0.006
Ref. 6 400 0.354¢

2 It is not explicitly stated in Ref. 8 whether these are incident or mean
energies. We have assumed the latter.

b The data listed in Ref. 8 should be multiplied by ~4/9. This factor
has already been applied here.

¢ No error figure given in this reference.

uncertainty whose magnitude is represented by these
error bars.

C. Discussion
1. Comparison with Theory

Comparison of the coefficients a;, b;, and ¢; given in
Eq. (10), with the expressions shown in Eq. (6), yields
the following relationships:

a1=2Bs/ By,
as=%B4/ By,
bo=2By/ By,
b1=2Bs/ By,
ba=2B;'/ By,
¢2=3Bs/ Bs,
¢3=3Bu/Bo.

Examination of Table III shows that ¢z vanishes, at
least within the errors of the measurement. However,
the nonvanishing of &; is evidence that quintet-state
matrix elements are nonzero. Coefficients of higher-
order Legendre functions could not be detected in the
present experiment because of insufficient statistics.

(12)

2. Comparison with Other Experiments

A summary of the present experimental results on the
H%(d, p)H? analyzing powers is presented in Tables
IV-VI. The data that can most directly be compared
with those of the present experiment are the two sets of
measurements by Ad’yasevich ef al.3? It will be noted
that experimental values for the H2(d, $) H3 total cross
section were needed in order to make the comparison.
These data were taken from Ref, 27.

For the various coefficients, the disagreement between
the present results and those of Ad’yasevich et al. (as

2 W. A. Wenzel and W. Whaling, Phys. Rev. 88, 1149 (1952),
Table I.
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TasrLe V. Comparison of experimental results on the H2(d, p) H? tensor analyzing power Djs3(6).

Mean

energy

(keV) Bq/B, Bs/By Bs'/B,
Present data 140 —0.41340.152 —0.1484-0.084 —0.55640.102
Ref. 9 1652 —0.08340.007 —0.10640.014 —0.30440.016
Ref. 9 290» —0.1424-0.009 —0.1344-0.016 —0.294-+0.020
Ref. 9 470+ —0.15640.007 —0.176+0.014 —0.3244-0.018
Ref. 7 460 —0.1444-0.003 —0.2054-0.007 —0.30040.009
Ref. 10 80 —0.41v40.14

2 It is not explicitly stated in Ref. 9 whether these are incident or mean
energies. We have assumed the latter.

interpolated to the appropriate energy) generally
amounts to approximately two to three times the
quoted errors of the present measurements. The
disagreement is taken to be a measure of the systematic
errors present in these two sets of measurements. How-
ever, in view of the recent results of Fick and Franz!!
(to be discussed below), it seems possible that the
25-keV difference between the mean-deuteron energy
of the Ad’yasevich data and that of the present data
may be responsible for the discrepancies.

The results of the Erlangen group® for Bs'/ B, are in
excellent agreement with the present results. (The sign
of this coefficient as given in the original paper is
believed to be incorrect.) The results for Bs/B,, how-
ever, are in disagreement with the present results, unless
marked energy dependence of this coefficient is present
in the range 80-140 keV. Such an energy dependence
has, in fact, been reported recently by Fick and Franz.!
The measurements reported in these papers indicate a
rapidly varying, resonancelike behavior for all of the
analyzing powers near 105 keV. This behavior is

Tasre VI. Comparison of experimental results on the H?(d, p) H?
tensor analyzing power [ Dy (6) — D22 (6) 1.

Mean

energy

(keV) Bs/Bo Bu/Bo
Present data 140 —0.059+0.015 0.002=0.009
Ref. 9 1652 —0.0154+0.002 --0.003=+0.001
Ref. 9 2902 0.001+0.002 —0.003+-0.001
Ref. 9 470 0.031+£0.002 —0.00440.001
Ref. 7 460 0.011+0.001 —0.0054-0.001
Ref. 10 80 —0.014-0.01

8 It is not explicitly stated in Ref. 9 whether these are incident or mean
energies. We have assumed the latter.

b The value listed in Ref. 10 should be multiplied by —1. This factor
has already been applied here.

attributed! to a new 1= level in He! at 23.9-MeV
excitation energy above the He! ground state.

Since the incident-deuteron energy for the Erlangen
results (Ref. 10) shown in Tables V and VI was 100
keV, it is possible that these results are free from effects
of the resonance, whereas the present data, with an
incident energy of 190 keV and a 100-keV-thick target,
must include some of the resonance effects. Further
data taken with thin targets would be desirable in order
to verify this explanation of the disagreement.

3. Summary

The present experiment on the H2(d, p) H® reaction
with a polarized beam and an unpolarized target has
measured seven of the B coefficients [Eq. (7)] at a
mean deuteron energy of 140 keV. The agreement with
previous measurements at nearby energies is, in general,
good enough to conclude that no major systematic
errors are present in these measurements. The probable
presence of quintet-state effects in the reaction has been
detected at 140 keV, the lowest energy at which evidence
for these effects has yet been found. Further exploration
of the low-energy behavior of the quintet-state matrix
elements would be of interest, since data on this behavior
are relevant to the assumptions underlying a comparison
of the D+ D reaction branches as a measure of the charge
symmetry of nuclear forces.?

ACKNOWLEDGMENTS

We are grateful to Professor Vernon W. Hughes for
encouraging and guiding this research. We also wish to
thank Dominic C. Constantino for invaluable help in
the construction of the apparatus and Donald R. Moler
for assistance with the electronics.



