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Tensor Polarization of Deuterons from the Be'(p, d)Bes Reaction~
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The second-rank tensor polarization parameters (T2~) describing the deuterons produced in theBeo(p, d)Bes
reaction have been measured for average proton bombarding energies of 2.5 and 3.7 MeV. Measurements
were taken at ten-degree intervals for six emission angles between 0 and 50' in the laboratory system.
The tensor moments were determined by observing the polar and azimuthal angular dependence of the
intensity of the protons from the Hei(d, p)He4 reaction when this reaction is initiated by deuterons from the
Be'(p,d)Be' reaction. Similar results were obtained at both of the bombarding energies investigated. The
(T~~) are generally negative, with absolute magnitudes of the order of 0.20 or less. Preliminary calculations of
the (Tq~} using the distorted-wave Born approximation with spin-orbit terms in the distorting potentials
agree generally in sign with the measured values, but are consistently smaller than these by at least an order
of magnitude.

I. INTRODUCTION
'

POLARIZATION measurements on the products of
stripping and pickup reactions are of considerable

importance for establishing the validity of current
theories' ' of such reactions and delineating the pa-
rameters involved in these theories. In the distorted-
wave Born approximation (DWBA) description of (p,d)
reactions, only vector polarization of the outgoing deu-
terons will result if no spin-dependent interactions are
assumed to be present, '—' since the polarization of the
deuteron is produced entirely by the picked-up neutron.
That spin-dependent interactions are of some im-
portance, however, is indicated by the fact that sub-
stantial polarizations are observed in the elastic scatter-
ing of nucleons from nuclei, and from the fact that the
magnitude of the nucleon polarization produced in
deuteron stripping reactions has been observed to
exceed the maximum value predicted when spin de-
pendent interactions are neglected. 4 One of the conse-
quences of including spin-dependent interactions in a
0%'BA description of the pickup reaction is that the
outgoing deuterons will exhibit second-rank tensor po-
larization in addition to vector polarization. Experi-
mental determination of this tensor polarization may
provide a reasonably sensitive method for investigating
the spin-dependent part of the interactions, within the
framework of the particular model used to describe the
reaction.

DiA'erential cross-section measurements" on the
Be'(p,d) Be' (Q= 0.56 MeV) reaction furnish compelling
evidence for the direct nature of the reaction process

in this case. Figure 1 shows the results of cross-section
measurements by Weber et a/. ' for a proton energy of
2.84 MeV. Aside from a gradual narrowing of the for-
ward peak with increasing bombarding energy, the
cross section for angles less than about 60' does not
change significantly over the proton energy range ex-
tending from 2.2 to about 8 MeV.

Two measurements of the vector polarization of the
deuterons from the Be'(p, d)Be' reaction have been
reported. Lambert, Madansky, and Owen' measured
the left-right asymmetry in the intensity of protons
from the D(d,p)H' reaction when this reaction was
initiated by deuterons from the Be'(p,d)Be' reaction.
Assuming both reactions to be describable by stripping
theory without spin-dependent interactions, i.e. , ig-
noring second-rank polarization eGects, these authors
obtained values of the vector polarization I'~ of the
order of +10% (Basel convention) for deuterons
emitted at laboratory angles of 30 and 90' for an
incident proton energy of 3 MeV. In a similar experi-
ment carried out at a proton energy of 5 MeV, Bokhari
and Verbinski' obtained values of I'~ of the order of
+5% at emission angles of 30' and 45', and a. value
of about —3% at an emission angle of 60'. For these
measurements the C"(d,p)C" reaction was used as an
analyzer. In both of these experiments, the validity of
the results depends on the absence of any significant
second-rank tensor moments, (T2,), for either the deu-
terons being investigated or for the deuterons produced
in the inverse of the analyzer reaction. This can be
seen from the general expression for the cross section
for a reaction induced by polarized deuterons'.
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Fr o. 1. Angular
distribution of the
deuterons from the
Be'(p d)Bes reaction
for a proton bom-
barding energy of
2.84 MeV. The data
are from Ref. 5. The
dashed curve is the
result of the DNBA
calculation discussed
in the text.

describing the polarization state of the incident deu-
teron beam, and the (V'~, ) are the moments produced
when the inverse of the reaction is induced by un-
polarized particles. For the (p,d) reaction, choosing k~
as the s axis and k~Xks as the y axis, (T&,)= (—1)&

X(T2,) and similarly for the (V'2,). For this choice of
axes the polarization state of the deuteron beam from
the (p,d) reaction is d.escribed by the four real quanti-
ties, i(Tu)=-,'les, (T20), (Tsq), and (T22). The same
holds for the (V'2, ). If the stripping theory without
spin-dependent interactions is used, the (T2,) and (9'2,)
vanish, and the vector polarization I'q can be obtained
from a left-right asymmetry meaurement, providing
the vector polarization of the protons produced when
the analyzer reaction is initiated by unpolarized deu-
terons is known. It is clear from Kq. (1) that some
knowledge of the (T2,) and (9'2,) is desirable from the
standpoint of vector polarization measurements, in
view of the aforementioned evidence for the importance
of spin-dependent interactions in the reaction process.

In the experiment being reported here, the (Ts,)
describing the deuterons emitted from the Be'(p,d)Be'
reaction have been determined for six laboratory emis-
sion angles between 0 and 50' at mean proton bom-
barding energies of 2.5 and 3.7 MeV.

G. EXPERIMENTAL METHOD

The procedure used to measure the (Ts,) was essen-
tially the same as that used by veiler et cl.,' based on a
method suggested by Galonsky, Willard, and VVelton. "
This method utilizes the fact that the angular distribu-
tion of protons from the He'(d, p)He4 reaction depends
for sufficiently low deuteron energy, on the (T2,) of the
incident deuteron beam in a particularly simple way.
For deuteron energies below about 1 MeV, the He'

' F.Seiler, S.E.Darden, L.C. McIntyre, and %'. G. Q'eitkamp,
Nucl. I hy . S3, S5 (1964}.

u A. Galonsky, H. B. Willard, and T. A. Welton, Phys. Rev.
Letters 2, 349 (1959}.

(d,p)He' reaction is initiated a&most entirely by s-wave
deuterons, and proceeds mainly through a ~~+ state in
Li', the energy of which corresponds to a deuteron
energy of about 340 keV. For polarized deuterons inci-
dent, the cross section for this reaction as given by
Eq. (1) reduces to"
0 (8,y) =no/i p(x—v2(Tmp) (3 cos'8 —1)

—v3(T2~) sin8 cos8 cos4+-', VS(Tsm) sin'8 cos2&)j, (2)

assuming only s-wave deuterons to be interacting. The
(T2,) describe the polarization of the incident beam and
00 is the cross section for unpolarized deuterons. Both
the angles and the (T2,) are referred to the coordinate
system discussed in the introduction. The factor p is a
real number which depends on the relative contribu-
tions of the two states, J =)+ and J =-',+, through
which the reaction can proceed when initiated by s-wave
deuterons. If only the J = ~3+ state were to contribute,
P would be unity. Information on the value of P has
been obtained by Brown, Christ, and Rudin" from
measurements on the angular distribution of protons
from the reaction when it is initiated by deuterons from
a polariied ion source. The results of their measure-
ments indicate that an appropriate value of p, averaged
over deuteron energies below about 800 keV, is about
0.85.

Another result of the measurements of Brown et cl."
is that no left-right asymmetry was observed in the
protons emitted at 90' from this reaction when the
incident deuterons were vector polarized perpendicu-
larly to the reaction plane. This result suggests that no
significant vector-polarization sects are introduced
into this reaction by higher orbital angular-momentum
contributions for deuteron energies below about 1
MeV. The reason for this is that the small anisotropy
in the unpolarized cross-section' near 1 MeV appears
to arise from the interference of incident s waves and

p waves, and any vector-polarization effects produced
by s-p interference would be observable at 90'.

From a measurement of 0 (8,$) at four different sets
of angles, it is a straightforward matter to determine
the (Tm, ). In this experiment the (Ts,) for deuterons
from the Be'(p,d)Be' reaction were determined by
measuring simultaneously the intensity of protons at
four sets of angles. The method is illustrated schemati-
cally in Fig. 2. A beam of protons from the Notre Dame
electrostatic accelerator was incident on a Be foil.
Deuterons emerging from the foil were slowed down in
Fe and Al absorber foils and allowed to enter a He'-
filled cell. Protons from the He'(d, p)He' reaction
(Q=18.34 MeV) were detected in four CsI crystals

~ L. C. McIntyre, Ph.D. thesis, University of %isconsin (un-
published}. The discrepancy between the sign of the term con-
taining (T»}in Eq. (2} and that of the corresponding term in Eq.
(5} of Ref. 10 arises from an error in the latter.

'3 L. Brown, H. Christ, and H. Rudin (private communication)."J.L. Yarnell, R. H. Lovberg, and %'. R. Stratton, Phys. Rev.
9{},292 (1953}.
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Fro. 2. Schematic representation of the experimental procedure
used to measure the tensor polarization of deuterons. Detectors
2, 3, and 4 are in the g-s plane, and detectors 1 and 3 are in the
y-z plane

positioned as shown in Fig. 2. Detectors 2, 3, and 4 are
in the x-s plane, and detectors 1 and 3 are in the y-s
plane. A top view of the scattering chamber, He' cell,
and CsI detectors is given in Fig. 3. The emission angle
at which deuterons are observed can be changed con-
tinuously from 0' to 135'. The square entrance aper-
ture for the He' cell subtends an angle of 7' at the
position of the Be foil. Apertures in front of the CsI
crystals are 4 in. in diameter and are a distance of 3 in.
from the center of the He' cell. The cell itself is essen-
tially identical in design to the cell described in Ref.
10, except that the depth of the cell used for most of
the experiment, measured along the direction of the
incident deuterons, was considerably less, and the He'
pressure correspondingly higher. For most of the meas-
urements a He' pressure of 120 psi was used.

Sufhcient absorber foils were placed. between the Be
foil and the He' cell to ensure that the deuterons entered
the cell with an average energy of about 800 keV. In
order to obtain this deuteron energy in the He' cell,
the combined yield in all four proton detectors was
measured as a function of proton bombarding energy
with appropriate slowing-down foils in front of the He'
cell. This measured yield curve was then compared with
a calculated yield curve obtained from the known He'
pressure, the reaction cross section and the energy loss
of deuterons in He. In this way it was possible to adjust
the average energy of deuterons entering the second
cell. The estimated uncertainty in this energy is about
&75 keV.

Since the protons from the He'(d, p)He' reaction have
an energy of almost 15 MeV in the lab system, they can
easily traverse the wall of the He' cell and the few
inches of air to the CsI crystals and still have enough
energy to produce pulses substantially larger than any-
thing else entering the crystals. The thickness of the
crystals was chosen to be sufhcient to stop the protons.
Backgrounds were measured by inserting in front of
the He' cell an aluminum foil thick enough to com-
pletely stop the deuterons. Pulses from the CsI detectors
were recorded. in the four quadrants of a 256-channel
analyzer. A typical set of pulse-height spectra is shown
in Fig. 4. The only signiaca. nt backgrounds occurred in

detector 2, and these arose mainly from the somewhat
poorer pulse-height and resolution characteristics of
this particular crystal.

KBects arising from differences in efficiencies and in
solid angles subtended by the different detectors were
eliminated by measuring the counting rates in the four
detectors when the Be foil was replaced by a gold foil
and deuterons elastically scattered from this foil were
allowed to enter the He' cell. For these measurements,
a deuteron bombarding energy of 3 MeV, and a labora-
tory scattering angle of 50' were used. At this energy
and angle only Rutherford scattering is effective and
the deuterons entering the He' cell. are unpolarized. The
relative counting rates observed in the four detectors
under these conditions can thus be used to normalize
the data, eliminating the eBect of any differences in
solid angle or efBciency among the detectors. This pro-
cedure was checked by also measuring the relative
counting rates with the scattering chamber in the zero-
degree position. The direct deuteron beam from the
accelerator was allowed to enter the He' cell and
counting rates in the four detectors were measured.
Relative counting rates observed in this way were
identical, within statistics (1%), to those obtained us-
ing scattered deuterons.

Measurements for a given proton bombarding energy
and deuteron emission angle were generally preceded
and followed by a normalization measurement using the
gold foil. Background counting rates were taken at
appropriate intervals throughout the series of measure-
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FIG. 3. Top view of the scattering chamber, He' cell, and CsI
detectors. Detector 1 has been omitted for clarity.
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ments for a given energy and angle. Since only the
relative counting rates in the four detectors are re-
quired to determine the (T2,), variations in the incident
beam current during individual runs were of no
consequence.

In order to obtain reasonable counting rates, fairly
thick Be foils were used. Most of the data were taken
with a 1-mil Be foil, although some of the measurements
were repeated using a ~~-mil foil. Considerable energy
spread in the outgoing deuterons may be introduced by
the use of thick foils because the deuteron energy loss
in the foil exceeds that of the protons. This energy
spread was minimized in most cases by proper choice of
t e angle between the normal to the plane of the Be
foil and the direction of the incident proton beam. The
resulting average thickness of the Be foil to the incident
protons varied between 450 and 600 keV.

ince both the differential cross-sect' f hion or t e
e (p, ) e' reaction and the energy of the emitted

deuterons vary with angle, the effective center of the
e' cell will be displaced somewhat from the geometric

center. For the geometry used in this experiment, this
eGect introduces a slight left-right asyrrunetry in the
emitted protons approximately equivalent in the worst
case to that resulting from a value of zT ~ 1—0.02.

o ~ »/ equa to

effect
o correction to the data was made f th'a e or is

e ect, however, since a left-right asymmetry of the

of the
same or er is introduced by the variation 'th l
o e Rutherford scattering in the normalization data
taken with deuterons scattered from gold. The correct-
ness of the estimated small magnitude of this effect was
attested to by the close agreement between relative
counting rates observed with deuterons scattered from
gold at an angle of 50' and those observed when the

deuteron beam was allowed to enter the He' cell di-
rectly. An additional indication that this geometrical
eGect did not measurably affect the results for (T»)
was provided by repeating the measurements at a
proton energy of 2.5 MeV and an angle of 30'
additional collimating apertures to reduce the angular
divergence of the deuterons entering the He' cell.
Although the angular divergence was reduced below its
normal value by a factor of three for this measurement,
the results were in agreement with those obtained using
the larger aperture.

IH. RESULTS

The normalized measured counting rates in the four
detectors were equated to expressions obtained by in-
tegrating Eq. (2) over the solid angles subtended b
the detectors and the resulting four equations were
solved for the (T&,). Results obtained for an average
proton energy of 2.5 MeV are shown in Fig. 5, and
those for an average proton energy of 3.7 MeV in Fi .

e, 2«ave been plotted as a function of c.m.
e in ig.

reaction angle and refer to the coordinate system
shown in Fig. 2, where the angle 8 is measured in the
c.m. system. A value of P of 0.85 was used in Eq. (2) .

Only statistical uncertainties are indi t d
' F' . 5ca e ln igs.

an . The larger statistical uncertainties in (Tso) result
from the choice of angles at which the detectors were

p ace . There are a number of uncertaint e aff t
thee measured polarizations in addition to those arising
from counting statistics. Besides the small geometrical

ere is anuncertainty in (T») discussed in Sec. II the
uncertainty in (T&0) which occurs because the position
of the effective center of the volume in the He' cell
rom which the protons originate depends on the
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average energy of the deuterons entering the cell.
If this average energy for the deuterons from the
Be'(p,d)Be' reaction differs signihcantly from that of
the deuterons elastically scattered from gold, an error
will be introduced into the measured value of (Too).
The uncertainty introduced by this e6ect is estimated
to be of the same order as or less than the statistical
uncertainty in most cases. The fact that (Ts&) and
(T») systematically vanish at 0', as they must, strongly
suggests that no other geometrical uncertainties are
significantly afI'ecting the data.

A systematic uncertainty in the magnitude of the
results is introduced by the uncertainty in the value of
P. This uncertainty in P is difficult to estimate, but
from the work of Brown e] u/. " would appear to be
about 5%.

Beckner et al."have observed the deuteron spectrum
obtained when thin Be foils are bombarded with 5.2-

MeV deuterons. Their results indicate the presence of a
small contribution to the deuteron spectrum, in the
energy region of the ground-state group, from the
sequential decay process B"~~Li'~+a,' Li'*~ n+d.
From the results of these authors it can be estimated
that the deuterons entering the He' cell in the present
experiment contain a contribution from these sequential
decay deuterons of the order of 5%%uo or less.
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Fn. 6. Measured tensor polarizations of the deuterons from
the Beo(p,d)Bes reaction for an average proton bombarding energy
of 3.7 MeV.
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IV. DISCUSSION

It is apparent from Figs. 5 and 6 that non-negligible
tensor polarization is produced in the deuterons from
the Be (p,d)Be reaction. The similarity of the results
at the two bombarding energies used is not surprising,
in view of the similarity in the cross-section data at
these two energies, and suggests that no significant
information is being lost because of the relatively thick.
targets employed in the measurements. The largest
difterences between the results at the two energies occur
for a c.m. angle of 58 . This is also not surprising, since
this angle is almost ofI' the forward peak in the cross-
section and compound nucleus e8ects may be expected
to become relatively more important at larger angles.

Also shown in Fig. 5 are some preliminary results"
of D%BA calculations of the tensor polarization ex-
pected when the optical potentials for the proton and
the deuteron include a spin-orbit term of the form

-0.2
0 I 0 20 30 40 50 60 70

ccrc. {degrees)

"E. H. Beckner, C. M. Jones, and G. C. Phillips, Phys. Rev.
123, 255 (196i).

FIG. 5. Measured tensor polarizations of the deuterons from
the Be'(p,d)Be reaction for an average proton bombarding en-
ergy of 2.5 MeV. The dashed curves are the results of the DWBA
calculation discussed in the text.

V, —— l.o, where x=

For these calculations, optical potentials giving rea-
sonably good fits to elastic scattering data for Be +p
at 9 MeV, and Be'+d at 10 MeV, were used. The values
of the parameters V„ro, and c in the proton spin-orbit
potential were 7 MeV, 1.50 F, and 0.50 F, respectively,

'~ G. R. Satchler (private communication}.
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while in the deuteron potential these parameters were
taken to be 6 MeV, 1.0 F, and 1.0 F, respectively. A
surface-absorption term was used in the central po-
tential for both protons and deuterons. In these calcula-
tions it was assumed that the neutron is picked up
from a ps~s state in Be'. The cross section calculated
using these parameters is shown in Fig. 1.

Although the calculated (Tss) generally agree with
the measurements in sign, they seem to be consistently
smaller than the measured values by at least an order
of magnitude. Varying the depth of the central potential
and using volume absorption instead of surface absorp-
tion for the deuteron does not improve the agreement
signi6cantly, nor does the use of a complex spin-orbit
term. The effect of increasing V, in the deuteron po-
tential from 6 to 8 MeV is to increase the magnitude of
(Tss) by about a factor of 2 and to increase (Tsr)
somewhat less, but the predicted (Tss) then become
positive for angles less than about 60'.

It remains to be seen whether the small values of the
(Ts,) predicted by the DWBA calculations result from
the failure to include additional spin-dependent inter-

actions, such as the tensor interaction, in the calcula-
tions. Another possible shortcoming of the calculations
may be the assumption that Be' is well described by a
pries neutron moving in the Geld of a spherically sym-
metric Bes core. The inclusion of deformation effects in
the Be' nucleus might alter the predictions of the
D%BA appreciably.
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Regeneration of Kte Mesons and the Xte-Xso Mass Difference*
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We have studied the regeneration of EJO mesons using a beam of K~o mesons produced at the Brook-
haven AGS. The EJO mesons were detected with a pair of magnet-spark-chamber spectrometers that mo-
mentum-analyzed the two decay pions. A test of the coherence of the transmission regeneration is made by
comparing the yields from half- and full-density copper regenerators. The E~'-E~ mass di8erence was
measured with a regenerator consisting of two pieces of copper separated by a variable air gap. This method
is independent of all nuclear scattering parameters and yields a mass di6erence of 0.50~0.10 in units of
$/~& (where v ~ is the EJO mean life). Data taken with single copper regenerators of various thicknesses yield
mass differences consistent with this measurement. Mass dift'erences larger than 1.0 are strongly rejected
by our data. The forward regeneration cross sections for C, Cu, Fe, and W were measured and found to agree
with optical-model calculations. Regeneration in liquid hydrogen was also investigated and the results
compared with theoretical predictions.

I. INTRODUCTION

HK striking prediction' that the passage of a
parallel beam of E20 mesons through a slab of

material generates a parallel beam of EI mesons was

~ Work supported by the U. S. Once of Naval Research Con-
tract Nonr-1858(06). This work made use of computer facilities
supported in part by a National Science Foundation grant.

t Present address: ¹visLaboratories, Columbia University,
Irvington, New York.

f A. P. Sloan Foundation Fellow.

$ Present address: Laboratoire de Physique Corpusculaire ik

Haute Energie, Centre d'Etudes Nuclbaires, Saclay, France.
' A. Pais and O. Piccioni, Phys. Rev. 1N, 1487 {1955).

confirmed by R.K Good et al.s The regeneration theorys 4

predicts a dependence of the E&' intensity on the mass
difference. The mass difference has been measured via
the regeneration phenomenon by several authors. "-'
The present experiment was performed to study the
coherent regeneration mechanism in detail and to make
a precise measurement of the E&'-E2' mass diBerence.

«R. H. Good, R. P. Matsen, F. Muller, Q. Piccioni, W'. M.
Powell, H. S. %hite, W. B. Fowler, and R. W. Birge, Phys. Rev.
124, 1223 (1961).' M. L. Good, Phys. Rev. 196, 591 (1957}.' K. M. Case, Phys. Rev. 103, 1449 (1956).' T. Fujii, J. V. Jovanovich F. Turirot, and G. T. Zorn, Phys.
Rev. Letters 13, 253, 324 (1 ).


