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Deuteron’s first ≈ 100 years

Proposed in 1931 Discovered in 1932
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ter, but the conclusions depend markedly on
the values adopted for the chemical atomic
weights. One of us' has already found that the
rounded values ordinarily published in atomic-
weight tables are not sufficiently accurate for
a discussion like this.

Nearly all of Aston's precision measure-
ments are concerned, unfortunately, with ele-
ments that are known to consist of a mixture
of isotopes. In such cases it is necessary to
know the relative abundance of the isotopes
of the element in question, as well as of oxy-
gen, in order to compare Aston's result with
the chemical atomic weight. For elements like
carbon and nitrogen, the two resulting correc-
tions (for oxygen, and for the element in ques-
tion) tend to cancel, so that Aston's result
should agree closely with the chemical atomic
weight. Thus in the case of carbon the most
probable atomic weight~ is 12.0025. Aston's
mass C" is 12.0036, which becomes 12.0010
on division by 1.00022 in order to reduce to
the chemical scale. Then to obtain an atomic
weight of 12.0025, the relative abundance
C"/C" should be 650. King and Birge' give
400 for this figure, but their discussion shows
that 650 is an equally possible value.

The best atomic weight of nitrogen' is
14.008. Aston finds N'4=14.008. To bring the
two results into agreement requires a relative
abundance N"/N" =320. Naude found that
the abundance N"/N" =0.65 of 0"/0". Us-
ing Mecke and Childs' value of 0"/0" one
obtains N'4/N" =409, a very satisfactory
agreement.

The best atomic weight of helium appears
to be' 4.0018. Aston obtained 4.00216, or
4.00127 on the chemical scale. The discrep-
ancy is only 1.1 parts in 10, which is within
the published limits of error. The most ac-
curate atomic weight of Huorine is due to
Moles and Batuecas", from the molecular
weight of FCH3. Using the present best values
for C and H, their result is 18.995+0.005.
Aston obtains 19,000, or 18.996 when reduced
to the chemical scale. The agreement is en-
tirely satisfactory. In the case of iodine,
Aston's result is identical with the best chemi-
cal value. The connection with oxygen, in the
mass-spectrograph work, is rather indirect,
and it is therefore doubtful if this result can
be considered to furnish independent evidence
on the question. In the case of phosphorus it
is the chemical value that is uncertain.

Of the elements that permit an accurate

comparison of the chemical and mass-spectro-
graph results, there remains only hydrogen.
The chemical value' is 1.00777+0.00002
(probable error), as compared with Aston's
1.00778+0.00015 (limit of error). Aston's
value, reduced to the chemical scale, is
1.00756 and the discrepancy appears to be
outside the limits of error. It could be re-

-moved by postulating the existence of an
isotope of hydrogen of mass 2, with a relative
abundance H'/H'=4500. It should be pos-
sible, although difficult, to detect such an
isotope by means of band spectra.

The above discussion shows that, with the
exception of hydrogen, the new Mecke and
Childs' abundance ratio gives a satisfactory
agreement between the mass-spectrograph
and the chemical results. The agreement is in
fact somewhat better than that obtained with
an assumed abundance ratio of 1250 to 1, or
of 1070 to 1. The case of hydrogen, however,
distinctly calls for further investigation.

Aston" has asked for suggestions as to the
best basis for chemical atomic weights and
atomic masses. We believe that the facts pre-
sented in this letter indicate that, from the
experimental standpoint, the quantitative
relation between the mean atomic weight of
oxygen, and the mass of the atomic species
0" is rather uncertain at the present time,
and is likely to remain so for the present. It
should also be pointed out that there is as
yet no proof that the relative abundance of the
oxygen isotopes, in different sources, is strictly
constant. " The possibility that the relative
abundance is not constant is the most com-
pelling argument for a change in the basis of
the atomic-weight system. What that change
should be can best be decided by chemists, but
we believe that further data are needed before
any change is seriously considered. The one
point we wish to emphasize here is that there

' R. T. Birge, Phys. Rev. Supplement 1,
1 (1929). See pp. 19—26 and 69.

A. S. King and R. T. Birge, Astrophys. J.
72, 19 (1930).

' G. P. Baxter and C. H. Greene, J. Am.
Chem. Soc. 53, 604 (1931)."E. Moles and T. Batuecas, J. Chim. Phys.
17, 539 (1919)."F. W. Aston, Nature 126, 953 (1930)."The mass-spectrograph is perhaps the
most reliable method for investigating this
question,

Birge, Menzel, PR 37, 1669 (1931)
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cubic centimeter. The first sample was col-
lected from the end portion of six liters of liq-
uid evaporated at atmospheric pressure, and
the second sample from four liters evaporated
at a pressure only a few millimeters above the
triple point. The process of liquefaction has
probably no effect in changing the concentra-
tion of the isotopes since no appreciable
change was observed in the sample evapo-
rated at atmospheric pressure.

These samples were investigated for the
atomic spectra of H' and H' in a hydrogen
discharge tube run in Wood's so-called "black
stage" by using the second order of a 21 foot
grating with a dispersion of 1.31A per mm,
Kith the sample evaporated at the boiling
point no concentration so high as had been
estimated was detected. We then increased
the exposures so that the ratio of the time of
exposure to the minimum required to get the
H' lines on our plates was about 4500:1.Un-
der these conditions we found in this sample
as well as in ordinary hydrogen faint lines at
the calculated positions for the lines of H' ac-
companying Hp, H~, H&. These lines do not
agree in wave-length with any molecular lines
reported in the literature. ' However they were
so weak that it was difficult to be sure that
they were not ghosts of the strongly over-
exposed atomic lines.

The sample of hydrogen evaporated near
the triple point shows these lines greatly en-
hanced, relative to the lines of H', over both
those of ordinary hydrogen and of the first
sample. The relative intensities can be judged
by the number and intensity of the symmetri-
cal ghosts on the plates. The wave-lengths of
the H' lines appearing on these plates could be
easily measured within about 0.02A. The fol-
lowing table gives the mean of the observed
displacements of these lines from those of H'
and the calculated displacements:

ghosts of the respective H' lines appear nearly
constant for any one sample of hydrogen, they
are not ghosts for their intensities relative to
the known ghosts are not the same in the case
of ordinary hydrogen and of the 1st sample as
they are in the case of the second sample.
They are not molecular lines for they do not
appear on a plate taken with the discharge
tube in the "white stage" with the molecular
spectrum enhanced (H'& was found as a slight
irregularity on a microphotometer curve of
this plate). Finally the H' line is resolved into
a doublet with a separation of about 0,16A in

agreement with the observed separation of the
H'„ line.

The relative abundance in ordinary hydro-
gen, judging from relative minimum exposure
time is about 1:4000, or less, in agreement
with Birge and Menzel's estimate. A similar
estimate of the abundance in the second sam-
ple indicated a concentration of about 1 in

800. Thus an appreciable fractionation has
been secured as expected from theory. 4

No evidence for H' has been secured, but
its lines would fall on regions of our plates
where the halation is bad.

The distillation was carried out at the Bu-
reau of Standards by one of us (F.G.B.), who
is continuing the fractionation to secure more
highly concentrated samples. The spectro-
scopic work was done at Columbia University
by the other two (H.C.U. and G.M.M.) who
are working on the niolecular spectrum.

HAROLD C. UREY
F. G. BRICKWEDDE

G. M. MURPHY

Columbia University,
New York, N, Y.

Bureau oi Standards,
Washington, D. C.

December 5, 1931.

Line

6'A calc.
AX obs.

Ordinary hydrogen
1st sample
2nd sample

1.793

1.820

1.326

i.346
1.330
1.315

1.185

1.206
1.199
1.176

1.119

1,145
1.103

The H' lines are broad, as is to be expected
for close unresolved doublets, but they are
not as broad and diffuse as the H' lines prob-
ably due to the smaller Doppler broadening.
Although their intensities relative to the

' Gale, Monk and Lee, Astrophys. J. N', 89
(1928);Finkelnburg, Z. Physik 52, 57 (1928);
Connelly, Proc. Phys. Soc. 42, 28 (1929).

4 Keesom and van Dijk, Proc. Acad. Sci.
Amsterdam 34, 52 (1931).

Urey, Brickwedde, Murphy, PR 39, 164 (1932), 11
2 p!

(actual abundance 1 : 6420 = 156 ppm)

• Urey: Nobel Prize in Chemistry 1934

• Chadwick: neutron 1932, Nobel Prize in Physics 1935
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Deuteron as a nonrelativistic 2N bound state 1

General form of the NN-potential for T = 0, S = 1:

V(T =0, S=1) = V c
01(r)+ V t

01(r)S12 + V ls
01(r)L·S + V l2

01(r)L2 + V ls2
01 (r)(L·S)2

central tensor spin-orbit orbital quad. spin-orbit

S12 ∝ 3(br·σ1)(br·σ2)−σ1·σ2

⟨MS = 0|V stat
01 |MS = 0⟩ = V c

01(r)− 4V t
01(r)P2(cos θ)

⟨MS = ±1|V stat
01 |MS = ±1⟩ = V c

01(r)+ 2V t
01(r)P2(cos θ)

θ = polar angle of r wrt. quantization axis
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Forest++, PRC 54, 646 (1996)
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Deuteron as a nonrelativistic 2N bound state 2

• At r Ý 1.5 fm, V stat
01 dominated by one-pion exchange

• Significant model dependence at small r , but it is largely cancelled
by differences in the momentum-dependent terms in the models
Note: Modern NN potentials are all phase-shift equivalent. This does not mean that the models involving them are identical.
See e.g. Polls++, PLB 432, 1 (1998)

• ⟨0|V stat
01 |0⟩ has a repulsive core; outside attractive for θ = π/2 and

repulsive for θ = 0, π =⇒ np pairs form a toroidal density in (x, y)-plane

• ⟨±1|V stat
01 | ± 1⟩ has two minima, separated by a barrier =⇒ the np-pair

density has a dumbbell shape
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Mäntysaari++, PLB 858, 139052 (2024)
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Deuteron as a nonrelativistic 2N bound state 3

To see how this comes about, consider the deuteron wave-function:

ψM
LSJ(r) = R0(r)YM

011(br)+ R2(r)YM
211(br)

▷ Spin-angle wave-functions: YM
LSJ(br) =

P
MLMS CJM

LMLSMS
YLM(br)|SMS⟩

▷ S- and D-state radial wave-functions: R0(r) ≡ u(r)/r , R2(r) ≡ w(r)/r
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Deuteron as a nonrelativistic 2N bound state 4

ρ0
d(r′) ∝ C0(2r ′)− 2C2(2r ′)P2(cos θ)

ρ±1
d (r′) ∝ C0(2r ′)+ C2(2r ′)P2(cos θ)
C0(r) = R0

2(r)+ R2
2(r)

C2(r) =
√

2R0(r)R2(r)− 1
2R2

2(r)
(r ′ = r/2 = distance from d CMS, θ = polar angle of r′)
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• ρ0 + ρ1 + ρ−1 = sphere with radius ∝ R2
0 + R2

2

• In absence of tensor force, R2 = 0 =⇒ ρ0 = ρ±1

=⇒ Equidensity surfaces for MS = 0,±1
are concentric spheres
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Deuteron as a nonrelativistic 2N bound state 5

Momentum-space wave-functions u and w for different NN potentials:

SCALED
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SCALED by functions which account for the bulk of p-dependence:

us(p) = 16mNEb

(mNEb + p2)(1+ p2/p2
0)

, ws(p) = 16mNEbp2/p2
1

(mNEb + p2)(1+ p2/p2
0)2

Eb = 2.224 MeV, p2
0 = 0.15 GeV2, p2

1 = 0.10 GeV2
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Deuteron as a nonrelativistic 2N bound state 6

The resulting proton momentum distribution in deuteron:
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Wiringa++, PRC 89, 024305 (2014)

• Prominent node in S-wave momentum density at p ≈ 2 fm−1

• Filled in by D-wave momentum density

• Broad shoulder out to p ≈ 7 fm−1, also a dominant feature
in all single-nucleon momentum distributions in larger nuclei

8



Exploiting the D-wave

With tensor polarization, ρ0 and ρ±1 can be probed separately:

20

theoretical spin-dependent momentum distributions

θk

⃗B
⃗pi

1 fm−1 ∼ 200MeV/c

Forest J et al. 1996 Phys. Rev. C 54 646

(a) k < 150 MeV/c missing momenta covered by NIKHEF: Zhou Z L et al. 1999 Phys. Rev. Lett. 82 687 

(a), (b) k < 500 MeV/c missing momenta covered by MIT-Bates: A. DeGrush et al. (BLAST Collaboration)  
                                                                                                          Phys. Rev. Lett. 119, 182501 (2017)

d(e,e’p)existing  data  
@ NIKHEF 
(1997) 

Azz existing  data 
@ MIT-Bates 
(2017)

Azz

Previous measurements

26

N. Santiesteban (Trento 2023)
based on Forest++, PRC 54, 646 (1996)

(a) pmiss Ü 0.75 fm−1 covered by NIKHEF, shown later
(a), (b) pmiss Ü 2.5 fm−1 covered by MIT–Bates, shown later
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“How much” D-wave is there?

Wave-function asymptotics:

u(r) ∼ ASe−αr as r →∞
w(r) ∼ ADe−αr

�
1+ 3

αr
+ 3

α2r 2

�
as r →∞

α =
q

1
2Eb(Mn +Mp) ≈ 0.23161 fm−1

Asymptotic D/S ratio

η = AD/AS = lim
r→∞

w(r)
u(r)

≈ 0.026

D-state probability

PD =
Z∞

0
w2(r) dr = (5± 1) %

▷ Precise value depends on choice of NN-potential

▷ Not a very rigorous parameter, but used in extracting information
on the neutron by using the independent-particle approximation:

µd ≈ µp + µn −
3
2

�
µp + µn −

1
2

�
PD

10



Deuteron static properties 1

Mass — Determined by measurements of cyclotron frequency of various ions
in Penning traps:

Md = 1875.61294500(58) MeV

CODATA 2022, Mohr++, RMP 97, 025002 (2025)

Binding energy — Determined by measuring the energy of γ-rays from radiative
p–n capture (p+ n → d+ γ) with thermal neutrons; Eγ, measured by a two-crystal
spectrometer (Bragg) minus the recoil gives

Eb = 2.22456614(41) MeV

Kessler++, PLA 255, 221 (1999)

Size (“radius”) — Determined by e–d or µ–d scattering (EM), hadron–d scattering (strong)
or spectroscopic methods (nuclear-dependent corrections to Lamb shift in H, D atoms)

r 2
ch ≈ r 2

m + r 2
p + r 2

n +
3
4

1
m2

p
charge matter rel. corr. (Darwin–Foldy)

rch =
−6

dGC

dQ2

�����
Q2=0

1/2

= 2.12778(27) fm , rm ≈ 1.95 fm

CODATA 2022 + · · ·
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Deuteron static properties 2

Magnetic dipole moment

480 KELLOGG, RAH I AND ZACHARI AS

20

X+ IO

o
I-
u) O

4JI-
20

0
0

0

0
~—x "-"

X

0
0lA

IO

C)
4LI 0 0

0 x~~
.I .2

CURRENT IN WIRES 3AND 0

HYDROGEN

CIRCLES -$~
CROSSES +Q

TOTAL I N TE N SIT Y
OF -( 3P PIy

!
OF +~, SSDIV.

!
D EUTE R IUM

CIRCLES -$~ -$~

CROSSES+ (z, ~S3

TOTAL INTENSIT Y

of -3~,—3~ 42 Dlv.

OF +f, ,~$, Oa DIV.

.5 LO
I N SERIES. AMPERES

B Field Current
III

A Field Current
I+' I ' I~ R =I"/Ig

400
500
627
648
648

32.1
39.5
50.8
52.0
50.9

40.1
50.3
62.5
65,5
65.5

36.1
44.9
56.7
58.7
58.2

11.08
11.13
11.06
11.03
11.13

TABLE V. Hydrogen. I+' is the current to focus +f&,
and I ' is the current to focus —f~. I~=(I+'+I ')/2,
Currents in amperes.

TABLE IV. Hydrogen. I+' is the current to focus +f»
and I ' is the current to focus —fi. Ig=(I+'+I ')/2.
Currents in amperes.

FIG. 8. Nonadiabatic transitions.
B Field Current

III
A Field Current
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RESULTS

The sign of the nuclear moments: Typical
experimental results are given in Fig. 8. They
show the change in intensity on the introduction
of the nonadiabatic field. The striking differences
between the behavior of the states with positive
atomic moments and those of negative atomic
moments is very apparent. This difference is
not due to a geometric asymmetry because the
same behavior is obtained with either pair of
wires 1 and 2 or 3 and 4. Consultation of Table
III shows that the experiments establish the
signs of the nuclear moments of hydrogen and
deuterium to be positive.

The magnitudes of the nuclear moments:
Figs. 6 and 7 show typical experimental curves
from which the intensity-current maxima were
obtained. Table IV gives the results of a series of
measurements of the quantity R of Eq. (6) for
different values of the B field current and the
corresponding values of the A field current for
the low current peak. They fall within one
percent of constancy and seem to show no trend
with current. This table shows the precision of
the determination of the maximum of intensity

'

with current. The value of R calculated from the
geometrical measurement of field wire distances
etc. is 11.05 as compared with 11.09 which is the
average of the values of Table IV. This check
permits us to place confidence in the values of the
moment as calculated from the currents in the A
field necessary to focus the atomic moments +fz.

Table V gives the results of a series of measure-
ments of these quantities and the proton mo-
ments calculated from them. Table VI gives the
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TABLE VI. Deuterium. I+' is the current to focus +fs,
and I ' is the current to focus —f~. Ig=(I+'+I ')/2.
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68.2 78.8 73.5
72.4 82.4 77.4

0.854
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DrSCUSSrON

The deuteron value should be somewhat more
precise than that of the proton since the geometry

results of similar measurements with deuterium.
The final results do not have a precision as

high as would appear from these tables. First
because an error in the determination of the
peak current is magnified in the calculation of the
moment. Second because of the possibility that
the check between the value of R as measured by
the ratio of currents and as calculated from
the geometry may be partly the result of
fortuitous compensation of errors in the very
difficult geometrical measurements.

These measurements yield for the proton
moment a value of 2.85 +0.15 nuclear magnetons;
and for the deuteron a value of 0.85 ~0.03
nuclear magnetons. Our judgment of the pre-
cision comes from a discussion of the possible
errors in the determination of the geometry.
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deuterium to be positive.
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from which the intensity-current maxima were
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the determination of the maximum of intensity
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geometrical measurement of field wire distances
etc. is 11.05 as compared with 11.09 which is the
average of the values of Table IV. This check
permits us to place confidence in the values of the
moment as calculated from the currents in the A
field necessary to focus the atomic moments +fz.
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The final results do not have a precision as

high as would appear from these tables. First
because an error in the determination of the
peak current is magnified in the calculation of the
moment. Second because of the possibility that
the check between the value of R as measured by
the ratio of currents and as calculated from
the geometry may be partly the result of
fortuitous compensation of errors in the very
difficult geometrical measurements.

These measurements yield for the proton
moment a value of 2.85 +0.15 nuclear magnetons;
and for the deuteron a value of 0.85 ~0.03
nuclear magnetons. Our judgment of the pre-
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errors in the determination of the geometry.

µp = (2.85± 0.15) µN

µd = (0.85± 0.15) µN

Kellogg++, PR 50, 472 (1936)

µd = 0.8574382335(22) µN

CODATA 2022, Mohr++, RMP 97, 025002 (2025)

Electric quadrupole moment

LETTERS TO THE ED I I OR 31()

that of the proton and therefore the magnetic spin-spin
interaction is proportionately smaller. It was expected that
the theory of the resonance minima for H2 when applied
to D2 should give the locations of the minima from the
constants given above. The displacements of the minima
from the center should be much less than those ol H2.
However experiment shows the displacements to be six
times greater than the predicted values.

This effect can be accounted for by the presence of an
electrical quadrupole moment in the deuteron. The inter-
action energy which gives rise to the large displacements
is that of the nuclear quadrupole moment with the gradient
of the molecular electric field. This form of interaction
contributes to the nine energy levels exactly as the spin-
spin and therefore appears as a larger spin-spin interaction.

To prove that the large displacements in D2 are of
nuclear origin rather than molecular, similar experiments
were performed on the proton and the deuteron in the HD
molecule. The group of resonance minima for H was
narrow as expected and that for D had large displacements
as in D2. Furthermore, the experimentally evaluated spin-
orbit interaction constant for D2 is one-half as great as
that for H2 as predicted. We therefore believe that the
apparent large spin-spin interaction is not magnetic, nor
is it of molecular origin and must be a nuclear effect which
behaves like a quadrupole moment.

To obtain the magnitude of this quadrupole moment
one must know the molecular electric field. This value
can be calculated from the various wave functions which
have been suggested for the hydrogen molecule. The
result of such a calculation by Dr. A. Nordsieck with
Wang wave functions when combined with our data yields
a quadrupole moment Q=(3s' —r')z, of about 2X10 "
cm'. The chief source of error lies in the inaccuracy of the
wave functions.

The sign of the quadrupole moment may also be inferred
from our measurements in two ways. Present indications
are that it is positive, that is, the charge configuration is
prolate along the spin axis. Full details of these experi-
ments will be published later in this journal.

We are greatly indebted to Dr. Nordsieck for making
available to us the results of his calculations and to Dr,
Brickwedde of the National Bureau of Standards for
preparation of the sample of pure HD used in the experi-
nients. The experiments were supported in part by a grant
from the Research Corporation.

Columbia University,
IIunter College (JRZ),

New York, New York,
January 15, 1939.

J. M. B. KELLOGG

I. I. RABBI

N. F. RAMSEY, JR.
J. R. ZAcHARIAs

+ Publication assisted by the Ernest Kempton Adams Fund for
Physical Research of Columbia University.

' J. M. B. Kellogg, I. I. Rabi, N. F. Ramsey and J. R. Zacharias,
Bull. Am. Phys. Soc. Vol. 13, No. 7, Abs. 24 and 25.

Thermal Dilatation of Superconductors

In recent years there has been much speculation as to
the underlying cause of the superconducting state of
metals, and many experiments have been performed to
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Fic. 1. Thermal expansion curves.

be a discontinuity which is just within the range of resolu-
tion of their apparatus. Since the magnitude of the ap-
parent discontinuity is of the order of one unit in their
last significant figure, their experiments cannot be ac-
cepted as definitely demonstrating its existence. The mutual
consistency of the two curves, however, does seem to indi-
cate that the discontinuity is real, and makes it appear
desirable to repeat the experiment with somewhat more
refined apparatus and to obtain a larger number of points
in the immediate neighborhood of the transition tempera-
ture. From their report, the Toronto group seem to have
pushed the sensitivity of the optical lever almost to its
limit, however, there is the possibility of developing other
methods such as one involving the displacement of inter-
ference fringes for monochromatic light reflected from
mirrors attached to the ends of a superconducting metal
rod.

E. C. WEsTERF IELD
University of Colorado,

Boulder, Colorado,
May 12, 1938.

~ G. J. Sizoo and H. Onnes, Communications from the Physical
Laboratory of Leiden, No. 180b.

~ J. C. McLennan, J. F. Allen and J. O. Wilhelm, Trans. Roy. Soc.
Canada 25, Sec, 3, 1-12 (1931).

3 E. F. Burton, Superconductivity (Toronto, 1934).
4 IC. G. Smith and J. O. Wilhelm, Rev. Mod. Phys. 7, 240 (1935).

investigate possible abrupt changes in other physical
properties of materials in passing through the transition
temperature. In 1925 Sizoo and Onnes' reported that the
application of pressure lowered the transition temperatures
for tin and indium, which indicated that metals may
expand on passing into the superconducting state. This
possibility was investigated by McLennan, Allen and
Wilhelm2 in 1931. They measured the thermal dilatation
of lead and Rose's metal in the neighborhood of their
respective transition temperatures, but when they plotted
the thermal dilatation against the temperature they ob-
tained essentially smooth curves and, hence, concluded
that there was no discontinuity in the thermal dilatation
at the transition temperature. As recently as 1934' and
19354 their work was still being quoted as providing evi-
dence that no discontinuity exists in this region. As a
matter of fact, when their data are plotted on a magnified
scale, as illustrated in Fig. 1, we see that there appears to

Qd ≈ 0.2 fm2

Kellogg++, PR 55, 318 (1939); PR 57, 677 (1940)

Qd = 0.285783(30) fm2

Pavanello++, PRA 81 (2010) 042526

Qd = 0.285699(15)(18) fm2

Puchalski++, PRL 125 (2020) 253001
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Dealing with ensembles of spin–1 particles

In an experiment (= in a target), deuterons with s = 1, −s ≤ sz = m ≤ s,
form a statistical ensemble, i.e. an incoherent mixture of pure states |ψ(i)⟩,
each with probability p(i),

P
i p(i) = 1, and with expansion

|ψ(i)⟩ =
1X

m=−1

c(i)
m |1m⟩

Statistical mixture of magnetic substates =⇒ spin density matrix

The expectation value of arbitrary operator bA:

⟨ bA⟩ = X
mm′

Am′mρmm′ = tr[Aρ]

where
Am′m = ⟨sm′| bA|sm⟩
ρmm′ =

X
i

p(i)c(i)
m c(i)∗

m′

matrix elements of density matrix in |1m⟩ basis

• Dynamics: ρ̇(t) = −(i/ℏ)[H, ρ(t)], solved by ρ(t) = e−i Ht/ℏρ(0)ei Ht/ℏ

• ρmm ≥ 0∀m | tr[ρ] = 1 | ρ is hermitian, hence diagonalizable
• ρ fully specified by (2s + 1)2 − 1 real parameters

13



The spin–1 density matrix 1

In terms of expectation values of rank–0, 1 and 2 tensor operators:

ρ = 1
3

X
LM

(2L+ 1)tL⋆
M T L

M =
1
3

t0⋆
0 T 0

0 + 3
1X

M=−1

t1⋆
M T 1

M + 5
2X

M=−2

t2⋆
M T 2

M


T L

M = ⟨sm| bT L
M|sm′⟩, where bT 0

0 = 1, bT 1
0 = bsz/

√
2, bT 1

±1 = ∓(bsx ± ibsy)/2, etc. In
Cartesian form:

ρ = 1
3

I + 3
2

P·S +
s

3
2

X
ij

Tij

�
SiSj + SjSi −

4
3

δijI
�

Matrix representations of spin operators bsi:

Sx =
1√
2

 0 1 0
1 0 1
0 1 0

 , Sy =
i√
2

 0 −1 0
1 0 −1
0 1 0

 , Sz =

 1 0 0
0 0 0
0 0 1


• P = ⟨bs⟩ ←− polarization vector, 3 components
• Tij = 1

2

q
3
2

�
⟨bsibsj + bsj bsi⟩ − 4

3δij

�
←− rank–2 tensor, 5 independ. components

t0
0 = 1 , t1

0 =
1√
2

Pz , t1
±1 = · · · , t2

0 =
s

3
5

Tzz , t2
±1 = · · · , t2

±2 = · · ·

————Multipole parameters——————————————————————— e.g. Leader, Spin in particle physics (2023)
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The spin–1 density matrix 2

• In a frame where z-axis is along the quantization direction, ρ is diagonal
and tL

M = 0∀M ̸= 0

• spin 1/2: quantization axis (QA) is along P

• spin 1: QA becomes a more general concept since one can have zero vector
polarization yet still maintain some sort of “alignment” along the QA

• An ensemble of N deuterons has (N+, N0, N−) particles in magnetic
substates m = +1, 0,−1 with probabilities (p+, p0, p−), where
N+ +N0 +N− = N and p+ + p0 + p− = 1

• The density matrix then has the form

ρ = 1
3

I + 1
2

PzSz +
1
6

Pzz
�
3S2

z − 2I
�

Vector polarization:

−1 ≤ Pz =
N+ −N−

N
≤ 1

Tensor polarization (also known as alignment):

−2 ≤ Pzz =
N+ +N− − 2N0

N
= N − 3N0

N
≤ 1
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Achieving nuclear polarization

The behavior of the deuteron ensemble in magnetic and electric fields
— and hence its polarization — is driven by effects on µd and Qd

Two traditional techniques to achieve nuclear polarization

• Dynamical Nuclear Polarization (DNP)
▷ Use appropriate RF irradiation, NMR for diagnostics
▷ Density-matrix formalism with appropriate Boltzmann weights

• Exploiting hyperfine interactions (atomic beam sources, ABS)
▷ Manipulate combined nuclear/electronic levels to obtain desired nuclear population,

use electron (Breit-Rabi) or ion polarimetry for diagnostics

Both need external B (Zeeman) to attain and maintain

16



Deuteron energy levels in external EM fields

Driven by µd via Zeeman splittings, compounded by effects of Qd:

Em = −mℏωD + ℏωQ
��

3 cos2 θ − 1
�
+ η sin2 θ cos 2φ

��
3m2 − 2

�
ℏωD = µdBz

ℏωQ ∝ Qd·electric field gradient(EFG)
θ = angle between B and EFG

φ, η = needed when EFG not symmetric about the bond axis

)1/3(­1=cosθ

m=­1

m=0

m=+1

/2π=θ =0θ

D
ω

D
ω

Q
ω+3

D
ω

Q
ω­3

D
ω Q

ω+6
D

ω

Q
ω­6

D
ω

(Splittings not to scale)

Keller, EPJA 53, 155 (2017)
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Example: Dynamic nuclear polarization in ND3

Typical NMR signal showing the superposition of I+ and I− lineshapes:

Eur. Phys. J. A (2017) 53: 155 Page 3 of 13

)1/3(-1=cosθ

m=-1

m=0

m=+1

/2π=θ =0θ

D
ω

D
ω Q

ω+3
D

ω

Q
ω-3

D
ω Q

ω+6
D

ω

Q
ω-6

D
ω

Fig. 1. The energy level diagram (not to scale) for deuterons in
a magnetic field for three values of θ where h̄ωD is the deuteron
Zeeman energy, h̄ωQ = (eq)(eQ)/8 is the quadrupole energy,
and θ is the angle between the magnetic field and the EFG.
The red (blue) lines indicate the transitions from the magnetic
sublevels −1 ↔ 0 (0 ↔ 1).
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Fig. 2. A demonstration fit to ND3 NMR data using the dis-
cussed lineshape. The fit based on the intensity from each peak
is Pn = 42.3% (vector polarization) and Qn = 13.1% (tensor
polarization). The intensity I+ (I−) is shown in blue (red).

between the magnetic field and the EFG. The azimuthal
angle φ and asymmetry parameter η are required for de-
scribing energies where the EFG is not symmetric about
the bond axis [17]. The two allowed transitions from the
magnetic sublevels (−1 ↔ 0) and (0 ↔ 1) correspond to
energy differences (E−1−E0) and (E0−E1), respectively.
There are two resonant frequencies for any given θ corre-
sponding to the (0 ↔ 1) transition with intensity I+ and
the (−1 ↔ 0) transition with intensity I−. A fitting tech-
nique of the spin-1 NMR signal which relies on the system
maintaining the thermal equilibrium relationship between
vector and tensor polarization has been previously out-
lined [18]. A spin-1 NMR signal is shown in fig. 2 with a
fit demonstrating the two intensities I+ (in blue) and I−
(in red).

It is convenient to define a dimensionless position in
the NMR line R = (ω − ωD)/3ωQ, spanning the domain
of the NMR signal. The degree of axial symmetry and de-
pendence on the polar angle can be understood by using
the basis lineshape for an isotropic rigid solid or the Pake
doublet [19], allowing for a fit of the NMR data. This is
simply a sum of the areas of the two absorption lines. The
peaks of the Pake doublet (R ∼ ±1) correspond to the

principal axis of the coupling interaction perpendicular
(θ = π/2) to the magnetic field. This is the most probable
configuration within each transition, as indicated by the
intensity of each peak. The opposing end in each tran-
sition in the lineshape corresponds to the configuration
occuring when the principal axis of the coupling interac-
tion is parallel (θ = 0) to the magnetic field; this has much
less statistical significance, as indicated by the intensities
in each transition around (R ∼ ∓2).

The spin-spin interactions cause a distribution in the
local holding field for a given spin, leading to slight varia-
tions of ωD. The spectrum displays a dipolar broadening
from these effects, approximated by using a convolution
of the density of states with a Lorentzian [17,18]. The re-
sulting analytic function is defined over all values of R and
expressed as

F =
1

2πX

[
2 cos(α/2)

(
arctan

(
Y 2 − X 2

2Y X sin(α/2)

)
+

π

2

)

+ sin(α/2) ln
(

Y 2 + X 2 + 2Y X cos(α/2)
Y 2 + X 2 − 2Y X cos(α/2)

)]
, (9)

where X 2 =
√

Γ 2+(1−εR−η cos 2φ)2, Y =
√

3−η cos 2φ
and cos α = (1−εR−η cos 2φ)/X 2. After a φ-average and
fit to ND3 experimental data, η cos 2φ evaluates to ∼ 0.04.
The Lorentzian width, Γ ∼ 0.05, is related to the degree of
dipolar broadening of the NMR signal [18] and ε references
the specific intensity curve so that F (ε = ±1) = I±.

The NMR signal, properly fitted, measures the inten-
sity of each peak in the doublet. These fitted intensities are
used to extract the averaged polarization of the ensemble
over the course of the nuclear scattering experiment.

The response of a spin system to NMR probing RF
irradiation is described by its magnetic susceptibility
χ(R) = χ′(R)−χ′′(R), where χ′′ is the absorption function
and χ′ is the dispersion function. The vector polarization
of the spin-1 system with residual quadrupole coupling
can be described [20] by

Pn =
2h̄

g2μ2
NπN

∫ ∞

−∞

3ωQωD

3RωQ + ωD
χ′′(R)dR

=
1

CE

∫ ∞

−∞
I+(R) + I−(R)dR, (10)

where g is the dimensionless magnetic moment of the par-
ticle with spin and μN is the nuclear magneton. The total
deuteron NMR signal, consisting of the output voltage
integrated over frequency, is the total area of the two sep-
arate intensities I+ and I− originating from the (1 → 0)
and (0 → −1) transitions, respectively. Each transition’s
intensity is proportional to the differences of the level pop-
ulations within that transition so that I+ = CE(ρ+ − ρ0)
and I− = CE(ρ0 − ρ−), where CE is the calibration con-
stant encoding the relationship between signal area and
polarization and ρi is the level population normalized to
the total ensemble population. A measurement with the
spin system in a known polarization state determines the
calibration constant, such as when the ensemble is in ther-
mal equilibrium with the lattice and eq. (5) can be used.

I+

I−

Pz = 42.3 % , Pzz = 13.1 % Keller, EPJA 53, 155 (2017)

• External [high-density] polarized targets use DNP
• Internal [low-density] targets (within storage rings) have used ABS

Two historic facilities: AmPS @ NIKHEF and MIT–Bates
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AmPS at NIKHEF
42 Z-L. .%ou et al./Nucl. Instr. and Ueth. in Phys. Res. A 378 (1996) 40-56 

Fig. 2. Schematic layout of the AmPS electron storage ring at NIKHEE The electrons from the accelerator MEA are injected in section I and can be extracted 
in section E. The apparatus for experiment 91-12 is located at the Internal Target Facility (ITF). Beam scrapers are installed in section S. Section C contains 
the 476 MHz cavit~.~ 

sisting of 16 plastic scintillators [ lo]. In front of each de- 
tector a pair of proportional chambers (MWPCs) was used 
to obtain the tracking information (angles and vertex posi- 
tion) . 

The experiment was performed by using an unpolarized 
electron beam stored in the AmPS ring (see Fig. 2). This 
ring is an electron pulse-stretcher with a circumference of 
212 m. It is fed by a medium-energy electron accelerator 
(MEA) which can accelerate electrons up to an energy of 
700 MeV. Long beam lifetimes (-1.5 min) are obtained by 
compensating synchrotron radiation losses with a 476 MHz 
cavity in AmPS. In this way, a 100% duty-factor electron 
beam with an energy of 565 MeV and a current up to 120 mA 
(obtained by stacking) was scattered from a tensor polar- 
ized deuterium target stored in a window-less cell inside 
the AmPS ring. The storage cell was located in the Internal 
Target Facility (ITF) where the ring lattice had minimum 
beta-function values. 

Fig. 3 shows schematically the experimental setup used 
to produce the polarized deuterium internal target. The po- 
larized deuterium atoms are produced in an atomic beam 
source (ABS) and fed into the storage cell. A 4 mm di- 
ameter sample hole in the cell allows monitoring of the 
atomic beam intensity and polarization with a Breit-Rabi 
polarimeter (BRP) consisting of a sextupole magnet and a 
quadrupole mass spectrometer (QMS) . An ion-extraction 
system (IES) was developed to measure on-line the atomic 

fraction of the target by analyzing the ions that are produced 
inside the cell by the circulating electron beam. This device 
consists of electrostatic lenses and a spherical deflector to 
extract and transport the ions out of the beam-line, and a 
Wien filter to separate the atomic and molecular contribu- 
tions. In this way, a direct measure of the target contribution 
from both the atomic and molecular fractions is obtained. In 
a separate experiment [ 111, the IES was supplemented with 
a reaction chamber to analyze the tensor polarization of the 
extracted deuterons via a low-energy nuclear reaction. 

Two electromagnets [ 121 are used to apply a magnetic 
guide field over the target region to define the target polar- 
ization axis. The atomic beam reaches the target cell and 
the polarimeter through holes drilled into these holding field 
magnets. The cell is cooled to about 100 K to increase the 
target thickness and reduce recombination of the atoms on 
the cell walls [ 131. 

During the experiment the magnetic holding field was 
about 30 mT and Pzz was reversed at the source every 10 s, 
while keeping Pz = 0. The luminosity was monitored by 
measuring the target thickness and the circulating current 
separately. The measurement of spin-dependent elastic scat- 
tering from polarized 2H was carried out simultaneously to 
the quasi-elastic data taking. At regular intervals, molecu- 
lar hydrogen gas was flowed to the target so that ‘H(e,e’p) 
elastic measurements were carried out. These elastic mea- 
surements served to calibrate the time-of-flight system, mon- 

MEA = Medium Energy electron
accelerator (up to 700 MeV)

C = 476 MHz cavity to compensate
for synchrotron radiation loss

=⇒ ≈ 15 min beam lifetimes

565 MeV energy

Ü 120 mA currents

100 % duty factor

ITF = Internal Target Facility

E = Extraction line (for EMIN)

polarized beam after mid-1990s

Zhou++, NIMA 378, 40 (1996)
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Accelerator / Experiment Layout at MIT–Bates
NS61CH17-Calarco ARI 15 September 2011 8:18

Polarized
source Linac

OOPS

Sample

South Hall Ring

Recirculator

BLAST

Figure 1
Schematic layout of the MIT-Bates Linear Accelerator Center.

transformer in the ring. The beam polarization in the ring was ∼66%. A Siberian snake on the
SHR opposite BLAST maintained the longitudinal polarization at the BLAST target. A Compton
polarimeter (23) upstream of the detector measured the beam polarization, Pe, for each run with
a precision of ∼4%. The polarizations for the different beam helicities were the same to <1%.

An atomic beam source (ABS) (24) produced highly polarized proton (vector) or deuteron
(vector and tensor) targets. The ABS (Figure 2) consisted of a radio-frequency (RF) dissociator
to produce atomic hydrogen or deuterium, followed by two sets of permanent sextupole magnets
that focused the atomic beam into the target cell. Three RF transition units, in combination with
variable magnets, were used to populate the desired spin states. The target cell was a 60-cm-long,
1.5-cm-diameter, open-ended tube made of 50-μm aluminum, aligned with the beam and centered
at the interaction point. This setup provided an isotopically pure polarized target without entrance
or exit windows, minimizing background. The target cell was coated with DRI-FILM to reduce
depolarization and cooled to ∼100 K to increase the target density.

A holding field around the target cell defined the nominal spin direction as 31.3◦ ± 0.43◦ in
2004 and 47.4◦ ± 0.45◦ in 2005 in the horizontal plane of the left sector. Thus, electrons scattered
into the left sector had momentum transfers roughly perpendicular to the spin direction, whereas
electrons scattered into the right sector had momentum transfers roughly parallel to the spin
direction.

Target polarizations were determined from different experimental asymmetry measurements,
and the beam polarization, Pe, was measured by the Compton polarimeter. The polarizations
achieved were typically Pz ≈ 83% for the proton (Section 3.1) and Pz ≈ 89% (79%) (Section 5)
and Pzz ≈ 69% (55%) (Section 4) in 2004 (2005) for the deuteron. The target areal density was
typically ∼ 7 × 1013 atoms cm−2 for both hydrogen and deuterium.

The BLAST experiment utilized a left/right-symmetric, large-acceptance, general-purpose
detector (Figure 3) to identify and measure the scattered particles. The detector was based upon an
eight-sector toroidal magnetic field. The two horizontal sectors were instrumented with detector
components, whereas the two vertical sectors were used for the internal gas target and to pump
the beam line. The detector was left/right symmetric with the exception of the neutron detectors,
which were enhanced in the right sector to aid the measurement of Gn

E . Each sector included drift
chambers for tracking, aerogel Cherenkov detectors to discriminate between electrons and pions,

412 Hasell et al.
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Pre-BLAST era:
— Elssy
— MEPS
— SAMPLE
— OOPS + OHIPS (extracted beam)

Upon installation of BLAST:
Electrons stored in SHR
— 850 MeV beam energy
— Beam lifetimes > 25 min
— Currents up to 300 mA
— Typical polarization around 65 %

Longitudinal orientation at target maintained by “Siberian snake”
Polarization monitored by Compton polarimeter

Hasell++, NIMA 603, 247 (2009)
Morozov++, PRSTAB 4, 104002 (2001)
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First detector setup in ITF @ NIKHEF
Z-L. ZJm et ol./Nucl. Insrr. and Meth. in Phys. Res. A 378 (19%) 40-56 

o-RT 

41 

Fig. 1. Schematic layout of the experiment. TC: target chamber; ABS: deurerium atomic beam source; e-CAL: e1ec11on calorimeter; p-RTz protonldeuteron 
detector (range telescope). The up-down arrow indicates that the entire frame (with ABS and TC) is movable over 60 mm in the vertical direction. 

DESY. 
Crucial to the extraction of precise information on the 

neutron is an understanding of the spin structure of the ‘H 
ground-state wave function. This is best determined using 
medium-energy quasi-elastic spin-dependent electron scat- 
tering from polarized ‘H. In addition, it is important to obtain 
a quantitative understanding of the corrections to the simple 
impulse approximation of the quasi-elastic reaction mecha- 
nism, such as final-state interactions, meson-exchange cur- 
rents, isobar components or relativistic corrections, in the 
kinematic regimes used. 

The experiment made use of the novel technique of a po- 
larized internal target with an electron beam in a storage ring. 
In this paper the experimental techniques used in carrying 
out the measurements are described in detail. The results of 
the measurements will be presented elsewhere. In Section 2 
an overview of the experiment is given. Section 3 descnibes 
the source of polarized deuterium atoms. The implementa- 
tion of the internal target into the ring is discussed in Sec- 
tion 4. In Section 5 the polarimeters used in the experiment 
are presented. Finally, the performance of the apparatus is 
shown in Section 6. 

2. Overview of the experiment 

The goal of the experiment [7] was to measure the 

spin-dependent cross-section for both 2&e, e’d) elastic and 

‘&e,e’p) quasi-elastic scattering over a large kinematic 
range. 

The general expression of the cross section for polarized 
deuteron electro-disintegration has the following form [ 81: 

u = uo 
[ 

1 + J5P, sin 8’ sin 4’iTrr 

T20 

3 - 
J 

z sin 28’ cos @*T& 

+ 
J 

i sin2 0* cos 21#1*T22 >I . 
Here, us is the unpolarized cross section, Pz and Pzz are 
the degree of vector and tensor polarization defined as Pz = 
R+ - n_ and Pzz = I- 3n0, where n+, no, and n- are the 
relative populations of the various nuclear spin projections 
on the direction of the magnetic holding field. The polar- 
ization direction of the deuteron is defined by the angles 8* 
and d* in the frame where the z-axis is along the direction 
of the virtual photon and the y-axis is defined by the vector 
product of the incoming and outgoing electron momenta. 
For elastic scattering [ 91 the general expression of the cross 
section is as in Eq. ( 1) apart from the iTrr term, which van- 
ishes under the assumption of time reversal invariance and 
one-photon exchange. The tensor analyzing powers T2j of 
the reaction are a direct measure of the spin structure of the 
deuteron ground state and are particularly sensitive to the 
D-wave admixture. The experiment focused on the tensor 
analyzing powers T2j for both elastic scattering and quasi- 
elastic proton knock-out. 

Fig. 1 shows a schematic layout of the experiment. The 
apparatus was designed to detect the scattered electron in co- 
incidence with a knocked-out proton or deuteron. The scat- 
tered electrons were detected with a thallium-doped cesium- 
iodide calorimeter and the hadrons by a range telescope con- 

Zhou++, NIMA 378, 40 (1996)

• ABS mounted horizontally

• Electrons: EM calorimeter = 6 layers of CsI(Tl) blocks,
+2 plastic scintillators for triggering, ∆Ω = 180 msr, δE ≈ 22 MeV

• Hadrons: range telescope = 1 × 2 mm + 15 × 1 cm plastic scintillator
+2 sets of VDCs for tracking, ∆Ω ≈ 300 msr, Ed

thr = 19 MeV

• Used for T20 in elastic 2←→H (e, e′)
and AT

d in QE 2←→H (e, e′p)
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NIKHEF setup with BigBite
D.J,L de Lange et al./Nucl, instr, and Meth. in Phys. Res. A 406 (1998) 182-194 185 
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Fig. 2. Artist's view of the BigBite spectrometer, showing the 
magnet with its field clamp at the entrance, and the detector 
system consisting of two wire chamber packages, a scintillator, 
and a Cherenkov detector. The whole instrument is mounted on 
one platform and can be rotated around the target by means of 
an air pad system. 

Fig. 3. The magnetic field of BigBite in the mid-plane of the 
magnet along a horizontal line through the target. The circles 
denote the measured field, the solid line is the result of a 3D- 
calculation. The target is situated at the origin z = 0, the shaded 
area indicates the region between the poles faces, and the dashed 
line gives the position of the first wire chamber. 

centre of the target. The experimental da ta  (open 
circles) agree to within 1% with the P R O F I  calcu- 
lations, in the region where the field is greater than 
1% of the central field. 

4. Detector system 

4.1. Requirements  

The objectives of this spectrometer  require the 
detector system to achieve a precise t racking of the 
particle, to discriminate between electrons and 
pions, and to deliver a precise ( 51 1 ns) t iming sig- 
nal for coincidence experiments. 

The track parameters  at the target can be cal- 
culated using the following approximate  relations 
obtained from T R A N S P O R T  calculations [7]: 

0 = 1 . 5 6 x t  - 0 . 8 1 x 2 ,  (5) 

5 = - 0.60xl + 0.47x2, (6) 

y = 4.13yl -- 3.10y2 (7) 

~b = - 1.53yl + 1.50y2. (8) 

The index i refers to the first and second drift 
chamber,  xi and Yi are the positions in m m  of the 
t rack at the detector in the dispersive and non-  
dispersive directions, respectively; 0 and q~ are the 
angles at the target in these two directions in mrad;  
the quantities y and 6 are the vertex posit ion in mm, 
and the relative deviation from the central 
m o m e n t u m  (in %), respectively. F o r  the dispersive 
direction the requirements for the posit ion resolu- 
tions in the detector planes are thus determined by 
the energy resolution (4 x 10-3), and for the non-  
dispersive direction by the precision of the vertex 
determinat ion (1 mm). They are 0.5 and 0.2 mm, 
respectively. These accuracies are well within the 
capabilities of multi-wire drift chambers  (MWDC),  
which have been chosen. 

Discrimination between electrons and pions is 
achieved with an aerogel Cherenkov detector [8], 
while accurate timing is provided by a fast scintillator. 

4.2. Cherenkov detector 

The Cherenkov detector has an active area 
of 2 1 0 0 × 5 0 0 m m  2 and a height of 240mm.  It 
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An atomic beam source (ABS) was used to inject a
flux of 3 3 1016 deuterium atomsys (in two hyperfine
states) into the feed tube of a cylindrical storage cell
cooled to 75 K. The cell had a diameter of 15 mm
and was 60 cm long. An electromagnet was used to
provide a guide field of 40 mT over the storage cell which
oriented the deuteron polarization axis perpendicular toq
in the scattering plane. A doublet of steering magnets
around the target region compensated for the deflection
of the electron beam by the guide field. In addition,
two sets of four beam scrapers preceding the internal
target were used to reduce events that originated from
beam halo scattering from the cell. By alternating two
high-frequency transitions [12] in the ABS, the vector
polarization of the target [Pd

1 ­
p

3y2 sn1 2 n2d], with
n6 the fraction of deuterons with spin projection61), was
varied every 10 s. Compared to our previous experiments
with tensor-polarized deuterium [13–15], this target setup
resulted in an increase of the figure of merit by more than
1 order of magnitude, with a typical target thickness of
1 3 1014 deuteronsycm2.

Polarized electrons were produced by photoemission
from a strained-layer semiconductor cathode (InGaAsP)
prepared to the negative electron affinity surface state with
cesium and oxygen [16]. The transverse polarization of
the electrons was measured by Mott scattering at 100 keV.
After linear acceleration to 720 MeV the electrons were
injected and stacked in the AmPS storage ring. In
this way, beam currents of more than 100 mA could
be stored, with a lifetime in excess of 15 min. Every
5 min, the remaining electrons were dumped, and the ring
was refilled, after reversal of the electron polarization
at the source. The polarization of the stored electrons
was maintained by setting the spin tune to 0.5 with a
strong solenoidal field (using the well-known Siberian
snake principle [17]). Optimization of the longitudinal
polarization at the interaction point was achieved by
varying the orientation of the spin axis at the source
and by measuring the polarization of the stored electrons
with a polarimeter based on spin-dependent Compton
backscattering [18].

Scattered electrons were detected in the large-
acceptance magnetic spectrometer Bigbite [19,20] with
a momentum acceptance from 250 to 720 MeVyc and
a solid angle of 96 msr (see Fig. 1). Kinematics were
chosen such thatGn

E was probed near its maximum (as
determined from Ref. [3]), resulting in the most sensitive
measurement ofGn

E for a given statistical accuracy.
Consequently, the electron detector was positioned at a
central angle of 40±, with an acceptance for the electron
scattering angle of35± # ue # 45±, resulting in a central
value ofQ2 ­ 0.21 sGeVycd2.

Neutrons and protons were detected in a time-of-flight
(TOF) system made of two subsequent and identical
scintillator arrays. Each array consisted of four 160 cm
long, 20 cm high, and 20 cm thick plastic scintillator

e

d

TOF detector

p,n,d

Bigbite

e 40 58

front wall
back wall

Cherenkov detector

scintillator

wire chambers

δ ∆ EEE

Magnet

FIG. 1. Layout of the detector setup. The electron spec-
trometer consists of a 1 T m magnet, two drift chambers of
four planes each, a scintillator, and aČerenkov detector. The
time-of-flight system consists of two identical walls of four
E-scintillators preceded by two (dE andDE) veto scintillators.

bars stacked vertically. Each bar was preceded by two
(dE and DE) plastic scintillators (3 and 10 mm thick,
respectively) of equal length and height, used to identify
and/or veto charged particles. Each of the 24 scintillators
was read out at both ends to obtain position information
along the bars (resolution,4 cm) and good coincidence
timing resolution (,0.5 ns). The TOF detector was
positioned at a central angle of 58± and covered a
solid angle of about 250 msr. Protons with kinetic
energies in excess of 40 MeV were detected with an
energy resolution of about 10%. Thee0N trigger was
formed by a coincidence between the electron arm trigger
and a hit in any one of the eight TOF bars. By
simultaneously detecting protons and neutrons in the same
detector, one can construct asymmetry ratios for the two
reaction channels2 $Hs$e, e0pdn and 2 $Hs$e, e0ndp, in this
way minimizing systematic uncertainties associated with
the deuteron ground-state wave function, absolute beam
and target polarizations, and possible dilution by cell-wall
background events.

An experimental asymmetry (Aexp) can be constructed,
via

Aexp ­
N1 2 N2

N1 1 N2

, (2)

whereN6 is the number of events that pass the selection
criteria, withhPd

1 either positive or negative.Aexp for the
2 $Hs$e, e0pdn channel, integrated up to a missing momentum
of 200 MeVyc, is shown in Fig. 2 as a function of time for
part of the run. These data were used to determine the ef-
fective product of beam and target polarization by compar-
ing to the predictions of the model of Arenhövelet al. [4].

4989

de Lange++, NIMA 406, 182 (1998); NIMA 412, 254 (1998)
Higinbotham, NIMA 414, 332 (1998)

• Electrons: NIKHEF incarnation of BigBite: ∆Ω=96 msr, 250≤p≤720 MeV/c
• Hadrons: ToF system = 2 arrays of segmented (20 cm) plastic scintillators:

“δE”/3 mm + “∆E”/10 mm (veto) + “E”/20 cm

• Used for Av
ed in QE 2H⃗(e⃗, e′n) =⇒ Gn

E

and Av
ed in QE 2H⃗(e⃗, e′p)
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The BLAST Detector @ MIT–Bates

• Toroidal field, 8 normal conducting coils, max. 3.8 kGauss
• Only 1/6 azimuth instrumented

▷ VDCs: ±15◦ in φ, L and R, 20◦ Ü θ Ü 80◦

▷ Aerogel Cherenkov detectors for e|π : n = 1.020, 1.030; ε ≈ 90 %
▷ ToF scintillators: BC-408
▷ Neutron detectors (“Ohio walls”, LADS15, LADS20 in variable

configuration): BC-408

NS61CH17-Calarco ARI 15 September 2011 8:18

Target

Wire chambers

Neutron detectors

Time of flight

Cherenkov

Toroid magnet

Figure 3
Schematic of the BLAST detector showing the main detector elements.

readout and data-acquisition system for all the other components. An intrinsic time resolution of
320 ± 44 ps was measured for the 32 TOF detectors with an efficiency better than 99%.

Thick scintillator bars with PMTs at both ends were used to detect neutrons. The arrangement
was asymmetric; there was larger and thicker (i.e., more efficient) coverage in the right sector to
improve the measurement of Gn

E .
A laser flasher system was connected to all the PMT-based detectors to monitor the timing sta-

bility during the experiment. A multilevel, general-purpose trigger and a buffered data-acquisition
system allowed data to be accumulated simultaneously for different physics reactions. Event rates
of up to 1.4 kHz (typically 0.2–0.8 kHz), with an event size of ∼1.5 kB, were obtained, along with
a dead time of less than 10%.

During normal operation, the accelerator, target, detector, and data-acquisition system op-
erated almost automatically, requiring very little human intervention. When the current in the
SHR dropped below a preset limit, the data-acquisition system stopped taking data and ramped
down the high voltage. Then, the beam in the SHR was dumped and a new injection started. Once
sufficient current was stored, high voltage was ramped up and data taking resumed. Typically, the
downtime was approximately 90 s, and the data-taking period lasted 10 min. The beam helicity
was reversed for each fill. Every 5 min the target spin states were randomly cycled. The ABS
inhibited data acquisition for the ∼2 s required for the transition.

Periodically, runs were taken with an empty target or used an unpolarized gas system to deter-
mine contributions from background and false asymmetries. Cosmic-ray data were also collected
and used to check relative timing between detectors.

3. NUCLEON FORM FACTORS

Spin degrees of freedom have introduced new opportunities into the study of the structure of
the nucleon, a subject of fundamental importance to the ultimate understanding of how QCD
works in the nonperturbative region. Among the quantities that describe the structure of the

414 Hasell et al.
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detectors corresponding to the time for a relativistic particle to
travel the difference in distance. These time differences were
measured for each sector by inserting a thin plastic scintillator
paddle near the target chamber and measuring the TOF detector
timing relative to the common start from this paddle. These
delayed, meantimed signals were thus correlated with the time of
the event at the target. The signals from each PMT were also
distributed to TDCs and ADCs.

A 2 mm thick Pb foil was placed in front of each TOF bar
to attenuate X-rays from the target region. It also prevented
back-scattered radiation from firing the Cherenkov detector and
being mis-identified as electrons. However, the Pb foil was
removed from the four rearmost TOF scintillator bars to improve
the sensitivity to low-energy deuterons.

Gains for the PMTs were set by requiring the ADC signal for
minimum ionizing particles from cosmic rays to peak in channel
1250. An intrinsic time resolution of 320� 44 ps was measured
for the 32 TOF detectors, which was significantly better than the
500 ps required by the experiment. Timing offsets between
pairs of scintillator bars were determined using cosmic rays
periodically during the experiment and monitored continuously
using the laser flasher system (Section 4.7). The efficiency was
determined to be better than 99%.

4.5. Neutron detectors

Beyond the other detectors were banks of thick scintillator to
detect neutrons. Three types of neutron detector were employed
in BLAST:

Ohio

walls:
Two walls approximately 10� 180� 400 cm3 situated
in both left and right sectors. Each wall was made using
10 cm thick, 22.5 cm high, 400 cm long bars of scintil-
lator stacked horizontally with PMTs at either end.

LADS15: Two walls approximately 15� 213� 160 cm3, one be-
hind the other at approximately 35� in the right sector.
Each wall was made of 14 wedge shaped scintillator
bars, 15 cm thick, 14.5 cm wide (at midpoint of wedge),
and 160 cm high arranged vertically with PMT readout
at each end. A solid wall was formed by alternating the
direction of the wedges.

LADS20: Two walls approximately 20� 137:2� 160 cm3 posi-
tioned parallel to the beamline, in front of the Ohio wall
in the right sector. Each wall was made of 14 wedge
shaped scintillator bars, 20 cm thick, 9.8 cm wide (at
midpoint of wedge), and 1.6 m high arranged vertically
with PMT readout at each end. A solid wall was formed
by alternating the direction of the wedges.

The Ohio walls were designed and produced at Ohio University
using Bicron-408 scintillator as used in the TOF detector. Similarly
the same 3 in. PMTs and bases as in the TOF detector were used
here.

The LADS scintillators were originally produced for the large
acceptance detector system [24] at the Paul Scherrer Institute,
Switzerland and obtained from the Jefferson Laboratory, Virginia,
USA. Hamamatsu,8 5-in. PMTs were used to read out the LADS
scintillator bars. Bases were developed at MIT-Bates and UNH
with active, transistor-based compensation for the last four
dynodes which permitted a power supply with lower maximum
current to be used. These actively compensated bases had a more
stable gain (�5210%) at rates up to 800 kHz compared to the
usual passive bases (�100% variation).

The neutron detectors were initially gain-matched using
cosmic rays and a dedicated trigger. Later the detection threshold
was estimated using the 2.2 MeV endpoint of a 90Sr beta
spectrum. For the Ohio wall this yielded a threshold of
approximately 2.5 MeV for electrons corresponding to 6–7 MeV
for protons. A threshold less than 1 MeV (2.5 MeV) for electrons
was obtained for the 20 cm (15 cm) thick LADS detectors
corresponding to approximately 4 MeV (7 MeV) for protons.

A VME-based logic module was developed at MIT-Bates to
process the raw signals from the LADS detectors. This featured
leading-edge discrimination with a prompt and delayed output for
each channel, which were connected to the scalers and TDCs. It
also generated a logical AND of top and bottom PMT pairs with a
flexible delay and an OR of all the AND signals which could be
used as a trigger.

The location of the neutron detectors in 2004 is shown in the
schematic plan view of the BLAST detector in Fig. 16. The
arrangement of neutron detectors was asymmetric with larger
and thicker (more efficient) coverage in the right sector. This was
chosen to improve the BLAST measurement of the neutron electric
form factor Gn

E which would be more sensitive to neutrons
scattering into the right sector once the deuteron spin vector was
chosen to be directed horizontally into the left sector. The L20
walls tripled the effective detector thickness of the Ohio wall at
low Q2 between 451 and 90�. The L15 walls provided 30 cm of
total thickness in the high Q2 region between 251 and 45�. In 2005
the left sector Ohio wall was moved forward to cover 30–80�.

During running in 2004 it was observed that gammas
originating at the collimator upstream of the BLAST target
generated high rates which tripped the most forward LADS bars.
To reduce this rate, 3/8 in. lead sheets were mounted in front of
the L15 detectors. In 2005, 1 in. iron plates were installed in front
of the L15 detectors which acted as both a shield against low
energy photon showers and as a converter for high energy
neutrons, enhancing the neutron detection efficiency.

4.6. Backward angle TOF (BAT) detector

In order to detect electrons scattered at angles between 90�

and 110� a large (12 PMTs) Cherenkov box (see Section 4.3)

ARTICLE IN PRESS

upstream

WC

CC
TOF

LADS

NC

L20
L15

downstream

2m

Fig. 16. Schematic plan view of the BLAST detector configuration during the 2004

running period.8 Hamamatsu, Bridgewater, NJ, USA.

D. Hasell et al. / Nuclear Instruments and Methods in Physics Research A 603 (2009) 247–262 257

Hasell++, NIMA 603, 247 (2009)
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The heart of both setups: the ABS = Atomic Beam Source

• Exploits [transitions between] hyperfine states of deuterium atoms
• Interaction Hamiltonian of coupled nuclear (I⃗) and electron (J⃗) spins:

Hint = µB

�
gI I⃗ + gJJ⃗

�
· B⃗ + 2hν0

3
I⃗·J⃗ gI = −0.00047

gJ = 2.0023
hν0 = µB(gJ − gI)Bc

Bc = 11.7 mT
ν0 = 327.4 MHz

• Energy eigenstates = linear combinations of spin eigenstates:

|1⟩ = |1, 1
2⟩

|2⟩ = α−+|1,−1
2⟩ +α++|0, 1

2⟩
|3⟩ = α−−|0,−1

2⟩ +α+−| − 1, 1
2⟩

|4⟩ = | − 1,−1
2⟩

|5⟩ = α+−|0,−1
2⟩ −α−−| − 1, 1

2⟩
|6⟩ = α++|1,−1

2⟩ −α−+|0, 1
2⟩

α+± =
q

1
2(1+ a±)

α−± =
q

1
2(1− a±)

a± = (x ± 1
3)/

q
1± 2

3x + x2

x = B/Bc

• Vector/tensor polarizations (ensemble averages):

Pz = ⟨Iz⟩ = n1 +α2
−+n2 −α2

+−n3 −α2
−−n5 +α2

++n6 = n+ − n−

Pzz = ⟨3I2
z − 2⟩ = 1− 3

�
α2
++n2 +α2

−−n3 +α2
+−n5 +α2

−+n6

�
= 1 − 3n0
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Hyperfine transitions in deuterium, Pz and Pzz
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ABS setup at NIKHEF and MIT–BatesVOLUME 77, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 23 SEPTEMBER1996

the magnetic holding field. The polarization direction of
the deuteron is defined by the anglesup and fp in the
frame where thez axis is along the direction of the virtual
photon and they axis is defined by the vector product of
the incoming and outgoing electron momenta.

Elastic electron scattering from the deuteron is com-
pletely described by theGC, GQ, and GM form factors.
Cross section measurements yield the structure func-
tions AsGC , GQ , GMd and BsGMd, which combined with
T20sGC , GQ , GMd allow the determination of these form
factors [1]. The present data set for elastice-2H scattering
and the isoscalar charge form factor of the three-body sys-
tem pose an interesting puzzle [14] for the few-body the-
ory: there existsno theoretical model capable of describing
all measurements simultaneously.T20 has only a limited
data set, and accurate measurements of this observable are
required to address this issue. In addition, a measurement
of T22 provides a stringent consistency check, since the
value of T22 can be unambiguously determined from
unpolarized elastic electron scattering.

We have performed an experiment to measure the tensor
analyzing powersT20 and T22, at the Amsterdam Pulse
Stretcher Ring [15] at NIKHEF with 565 MeV electrons.
Several beam bunches were stacked into the ring, yielding
currents up to 120 mA and a lifetime exceeding 15 min.

Scattered electrons were detected in an electromagnetic
calorimeter [16] consisting of six layers of CsI(Tl) blocks
covering a solid angle of 180 msr. Two plastic scintilla-
tors, one in front of the CsI(Tl) blocks, one sandwiched
between the first two layers, provided the electron trig-
ger. The total energy resolution obtained (about 8%) was
sufficient to distinguish quasielastic events from inelastic
events, in which a pion was produced. Two sets of wire
chambers, one adjacent to the scattering chamber, one in
front of the first trigger scintillator, were used for track
reconstruction. The central angle of the electron detec-
tor was positioned at 35±. This resulted in a coverage in
the four-momentum transfer range1.3 , q , 1.8 fm21

with a cross section and acceptance weighted average of
q̄ ­ 1.58 fm21.

The recoil deuterons were detected in a range telescope
[17], consisting of 15 layers of 1 cm thick plastic scintilla-
tor preceded by 1 layer of 2 mm thickness. The detector
was positioned at a central angle of 80±, and covered a
solid angle of nearly 300 msr. The range telescope was
preceded by two sets of wire chambers for track recon-
struction. The minimum energy of the detected deuterons
was 19 MeV.

Figure 1 shows a schematic layout of the target area of
the experiment. An atomic beam source (ABS) consisting
of an rf dissociator, a cooled nozzle, collimators, sextupole
magnets, and rf transition units, provides a flux of1.2 3

1016 deuterium atoms s21 (for two hyperfine states), in-
jected into a windowless T-shaped cylindrical storage cell,
with 15 mm diameter and 400 mm length, cooled down
to 100 K. A medium-field and a strong-field transition

FIG. 1. Schematic outline of the atomic beam source, Breit-
Rabi polarimeter, internal target, and ion-extraction system.
All components, except the target holding field and correction
magnets, are inside the vacuum system. D: rf dissociator; CH:
cold head; S1, S2, S3: sextupole magnets; MFT, SFT: medium-
and strong-field transition units; SH: shutter; C: chopper; QMS:
quadrupole mass spectrometer; CM: correction magnet; RL:
repeller lens; EL: triplet of ion-extraction lenses; SD: spherical
deflector; AL: electrostatic lens; WF: Wien filter; IC: ion
collector.

unit [18] were used to alternate every 10 s the tensor po-
larization of the injected deuterons between22 and 11,
while keeping the vector polarization at zero. The tar-
get thickness obtained with this ABS, visible to the detec-
tors, amounted to2 3 1013 atoms cm22. This constitutes
about an order of magnitude increase over previous experi-
ments [8,13].

A magnetic holding field of 30 mT is applied over the
entire target cell region by using two electromagnets. A
correction magnet is added to counterbalance the target
holding field and to preserve a closed orbit in the storage
ring. The holding field coils are provided with two holes,
one for injection of the deuterium atoms into the storage
cell, one to sample a small fraction of these atoms in a
Breit-Rabi polarimeter (BRP). This polarimeter consists
of a sextupole magnet, a chopper, and a quadrupole mass
spectrometer (QMS).

The BRP proved useful to optimize the intensity of
atoms injected into the storage cell as a function of, e.g.,
nozzle temperature, deuterium flow into the rf dissociator,
and sextupole fields. Furthermore, it was used to test
the performance of the high-frequency transition units.

2631
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Dissociator

Chamber 1: Nozzle

Chamber 2: Skimmer

Chamber 3: Sextupole top

Chamber 4: Sextupole bottom
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IG 3

IG 4
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V11
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IG 5

ligit
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Figure 2
Schematic of the BLAST atomic beam source, the internal target, and the Breit-Rabi polarimeter.

time-of-flight (TOF) scintillators to determine the relative timing of the reaction products and to
provide the trigger timing, and thick walls of plastic scintillators to identify neutrons through the
use of TOF.

The eight-sector toroidal magnet was chosen to minimize the effect on the beam transport,
to have a small gradient at the polarized target, and to stop low-energy particles from reaching
the detectors. The field, however, was not uniform in the tracking region; the maximum field
was ∼3.8 kG. The field was measured on a 5-cm, three-dimensional grid that was used in track
reconstruction.

The wire chambers measured the momenta, charges, scattering angles, and production vertices
of the emitted charged particles. The wire chambers nominally subtended the polar angular range
between 20◦ and 80◦ and ±15◦ in azimuth. Each sector contained three drift chambers joined
to form a single gas volume to minimize multiple scattering. The drift chambers achieved a
momentum resolution of ∼3%, with a vertex resolution of ∼1 cm, and an angular resolution of
∼0.5◦ in both the polar and azimuthal angles. The drift chambers also served as a highly effective
proton veto in identifying neutrons.

Behind the drift chambers were aerogel Cherenkov detectors (25) used to discriminate between
pions and electrons. An efficiency of 89% was achieved.

The TOF detector consisted of vertical scintillator bars with photomultiplier tubes (PMTs) at
both ends. These PMTs provided a fast, stable timing signal correlated with the time of each event
at the target, independent of which scintillator bar was struck. This signal was used to trigger the
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The internal target (storage cell)

• Storage cell design increases luminosity by 2–3 orders of magnitude wrt. free atomic
beam (jet) without compromising the electron beam passing through

• Density has approximately triangular shape (can be mapped well)
• Orientation of nuclear polarization maintained by holding field, B ≈ 30 mT
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beam is realized by Compton laser back-scattering. Future experiments with polarized

internal

~1

H;

~2

H and

~3

He targets and polarized electron beam are anticipated. Further-

more, in stretcher mode, continuous-wave (CW) electron beam can be extracted and used

for experiments with external targets.

3.1.3 Principle of a storage cell target

The principal function of a storage cell is to increase the luminosity of an experiment

without a�ecting the quality of the circulating beam. This is illustrated in Fig. 3.4.

An intense polarized beam is injected into the feed tube of a T-shaped cell. The gas is

con�ned by the cell to the region close to the stored beam axis, resulting in an increase

of the areal target density by several orders of magnitude compared to the density of a

free atomic beam.

Figure 3.4: Principle of a storage cell: gas is injected in the center of the T-shaped

cell. The electron beam passes through the center of the windowless conductance limiter.

The density distribution will be approximately triangular.

Due to the gas dynamics, the target density �(z) will have an approximately triangular

distribution. The central density, �

0

, can then be written as [89]

�

0

' f

D

0

1

3C

0

l=2

d

3

s

M

T

cell

= f

D

0

1

3C

; (3.2)

▷ L ∝ l2

d2

1p
Tcell

l = 40 cm, d = 1.5 cm, Tcell = 100 K
typical L ≈ 1031—1032 cm2/s
typical atomic beam intensity ≈ 1016/s
(can be tweaked by Tnozzle and gas admixtures)

▷ tdwell = tflight +Ncolltstick

tflight ∝
l2

d
p

Tcell

tflight ≈ 4 ms
Ncoll = 270, Ncolltstick ≈ 10−9 s ≪ tflight
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ABS — the RF transition schemes
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Table 3.4: RF transition schemes for producing tensor and vector polarized deuterium

beams. For each scheme, the columns `+' and `�' designate the two polarization states

for an asymmetry experiment. B

t

is the magnetic holding �eld at the target.

Tensor Vector Vector

(B

t

� 11:7 mT) (B

t

� 11:7 mT) (B

t

� 11:7 mT)

+ � + � + �

States after 1

st

sext. 1 , 2 , 3 1 , 2 , 3 1 , 2 , 3

MFT 1$ 4 3$ 4 3$ 4

States after MFT 2 , 3 , 4 1 , 2 , 4 1 , 2 , 4

States after 2

nd

sext. 2 , 3 1 , 2 1 , 2

SFT 2$ 6 3$ 5 2$ 6 o� 2$ 6

States after SFT 3 , 6 2 , 5 1 , 6 1 , 2 1 , 6

WFT o� o� 1; 2$ 3; 4 o� 1; 6 $ 5; 4

States after WFT 3 , 6 2 , 5 1 , 6 3 , 4 1 , 6 4 , 5

Tensor Polariz. P

zz

+1 �2 +1 +1 +1=2 +1=2

Vector Polariz. P

z

0 0 +1 �1 +5=6 �5=6

Figure of merit 18 8 5.6

3.4.3 Principle of RF transitions

The mechanism of RF induced transitions between hyper�ne states is well known and

has been discussed in several publications (see for example Ref. [102, 103, 104, 105]).

Here, the discussion is restricted to some aspects relevant for the design of deuterium RF

transition units for our experiment.

With the introduction of an oscillating magnetic �eld, transitions between two selected

energy substates can be induced, provided that the frequency of the RF �eld matches

with the energy splitting of the two substates in the static �eld. In the case of an

atomic beam, a gradient is superimposed on the static �eld in order to ensure that the

resonance condition is met exactly once for each atom passing through the RF �eld. The

hamiltonian takes the form

H = H

stat

+H

RF

; (3.34)

where the additional term

H

RF

(t) = �

B

(g

I

~

I + g

J

~

J) �

~

B

RF

(z(t)) cos(2�� t) (3.35)
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Typical performance of ABS

NIKHEF MIT–Bates

Z-L. i&u et al./Nucl. Insrr. and Mefh. in Phys. Res. A 378 (1996) 40-56 

discharge level, and sextupole field strengths. Selected data 
taken with the BRP are presented in Section 6. 

5.2. Analysis of ions extracted from the storage cell 

The circulating electron beam ionizes the target gas in 
the storage cell. At the electron energy of 565 MeV the 
ionization cross section for atoms (molecules) amounts to 

-1.3 (2.6) x lo-” cm* [27]. Thus, at electron currents 
1, z 100 mA and target thicknesses t N IO” cm-*, ion 
currents of about 100 nA can be extracted and analyzed. In 
order to prevent the ions from reaching the walls of the stor- 
age cell, where they would neutralize, they were confined 
through the use of a (~30 mT) longitudinal magnetic hold- 
ing field and/or the spacecharge of the stored electron beam. 
The layout of the ion-extraction system is shown schemati- 
cally in Fig. 3. At one end of the cell, the ions were reflected 
with an electrostatic repeller lens. At the other end, the ions 
were extracted by using a triplet of electrostatic lenses. The 
extracted ions were then deflected out of AmPS with a spher- 
ical capacitor. This deflector focused the ions onto a Wien 
filter (E x B velocity selector) which allowed to separate 
atoms from molecules. The determination of the molecular 
fraction is important in order to establish the absolute target 
polarization precisely. The IES was operated with voltages 
in the range of 100-3000 V. The magnetic held in the Wien 
filter was varied between 0- 150 mT. 

sity and degree of dissociation, RF transitions efficiencies, 
and sextupoles amplification, are presented in Sections 6.1 
to 6.4. The results for the target polarization are given in 
Section 6.5. Finally, in Section 6.6, we briefly illustrate the 
merit of the presented technique by showing the signal-to- 
background rates for both the elastic and proton knock-out 
channels. 

6.1. Intensity measurements 

A measurement of the atomic and molecular fractions is 
equivalent to a polarization measurement under the assump- 
tion that the nuclear polarization of the atoms is known and 
that dilution by unpolarized molecules is the sole source of 
depolarization in the storage cell. The nuclear polarization 
of the atoms in the storage cell was studied in a separate ex- 
periment, where the extracted atoms were accelerated into 
an appropriate analyzer. The reaction ‘H(d, n)4He was em- 
ployed in order to measure P,, directly. This reaction has the 
advantage of having a high cross section ( c,Oui N 1.3 b at 
Td = 50 keV [ 281) as well as good sensitivity in the neutron 
anisotropy to the deuteron tensor polarization. Several as- 
pects of ion extraction from a storage cell target were tested 
and the most important findings are reported in Ref. [ 111. 

The intensity of the atomic beam depends on several pa- 
rameters. In a simplified picture, a nozzle temperature as low 
as possible is desired, since the solid angle accepted by sex- 
tupole magnets (averaged over the velocity distribution) is 
inversely proportional to the beam temperature [ 141. How- 
ever, it is known that below about 70 K the recombination 
coefficient of deuterium atoms on Al (or Cu) drastically in- 
creases, which puts a limit on the application of the conven- 
tional nozzle cooling technique. Singy et al. showed that this 
70 K limit can be reduced to about 35 K by creating a cryo- 
genic nitrogen layer on the nozzle surface that will inhibit 
recombination [ 151. They designed the sextupole magnets 
accordingly and thus achieved a gain in the beam density. 
Note, however, that for the production of an internal target 
one has to optimize the intensity of the atomic beam and 
not its density, in contrast to the usage of atomic beams in, 
e.g., ion sources. In other words, the factor T-l/* gained 
by merely slowing down the atoms at the source does not 
apply. For the present experiment, the intensity of the in- 
jected atomic beam was studied with a calibrated compres- 
sion tube, simulating the storage cell feed tube. Parameters 
such as the RF discharge power, gas throughput, nozzle tem- 
perature and sextupole magnet currents were optimized. 

Fig. IO shows the dependence of the atomic beam inten- 

In summary, polarimetry by analyzing the extracted ions 
has the advantage that a) the polarization of the target is 
determined with the same weighting over gas density distri- 
bution as in the actual experiment (in contrast to sampling 
polarimeters); b) the relevant nuclear polarization is mea- 
sured (instead of deducing this from, e.g., atomic polariza- 
tion) ; c) the atomic and molecular fractions are measured. 

6. Performance 

In this section, we present measurements that were taken 
during the development of the internal target and which il- 
lustrate the performance of the apparatus. Quantities directly 
related to the ABS, such as the atomic beam profile, inten- 

50 100 150 200 250 300 

T nozzle (K) 
Fig. 10. Atomic beam intensities as function of the nozzle temperature for 

hydrogen (H) and deuterium (D) measured with a calibrated compression 
htbe. The solid (dashed) curves show dxe behavior without (with) N2 
admixture and were taken while cooling down (warming up) the nozzle. 
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through the thermovalve. The output from the buffer tank
fed gas into the cell through the needle valve with a very
stable conductance. Measurements of the pressure decrease
as a function of time with the thermovalve closed allowed
an accurate determination of the conductivity. Actual
scattering measurements were conducted with the buffer
tank pressure constant. The buffer system allowed control
of the flow with an accuracy of better than 1%.

8. Control system

The Bates accelerator complex is controlled via the
Experimental Physics and Industrial Control System
(EPICS). All target components were integrated into this
control system. Since access to the South experimental Hall
where BLAST was located was very limited, all ABS
components (pneumatic valves, MFCs, power supplies and
RF generators, capacitors for matching networks, etc.)
were remotely controlled. All sensors (Hall probes,
temperature sensors, pressure gauges, etc.) were read out
with a frequency of several Hz, and the updated data were
transferred into the facility network, where they could be
accessed by different users. All the data read from the
target components were recorded on a hard drive and
could be easily reviewed.

Active feedback loops were used to control the crucial
components of the target. The cell temperature was
affected by the electron beam (most likely due to wake
fields of the electron beam). A PID controlled circuit
controlled the cell temperature within several degrees. The
magnetic field in the RF transition units was set with an
accuracy of about 1G to ensure resonant conditions, and
the field was affected by hysteresis after the switching of the
target state, or cycling of the BLAST field or holding field.
The feedback loop based on the readings of the Hall probes
installed inside RF transition units controlled the magnetic
field with the required accuracy.

9. Target performance

Target intensity and polarization were monitored on a
daily basis by measuring the rates and asymmetries of
elastic and inelastic scattering (Fig. 17). For the intensity
measurements the rates were compared with the same rates
observed when a well-known gas flow from the unpolarized
gas system was fed into the storage cell instead of ABS.
Since the unpolarized gas data were taken at the same
conditions as the ABS data, the systematic errors were
negligible. The sudden jumps in intensity on the graph
correspond to weekly maintenance procedures, which
included nozzle refreezing and realignment.
Tensor polarization of deuterium target was determined

by measuring elastic scattering asymmetries at low
(�0:4GeV=c) momentum transfer. The uncertainties in
theoretical predictions for this momentum transfer range
are small, and the systematic errors are estimated at �5%.
Vector polarization of hydrogen and deuterium target was
determined by measuring asymmetries in elastic p(e,e0p)
and quasielastic d(e,e0p) scattering, respectively. The
theoretical uncertainties for these reactions at low momen-
tum transfer are very small and the systematic errors are
less than 3%.
The ABS flow into the cell for both hydrogen (1 state)

and deuterium (2 states) was about 2:5� 1016 at=s, which
produced target thickness of 7� 1013 at=cm2. The mea-
sured polarization of the deuterium target, averaged over

ARTICLE IN PRESS

Fig. 17. ABS intensity and target polarization as a function of time during

the hydrogen run.

Fig. 16. Gas buffer system. TV—thermovalve, NV—needle valve.

D. Cheever et al. / Nuclear Instruments and Methods in Physics Research A 556 (2006) 410–420 419

Cheever++, NIMA 556, 410 (2006)
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Target polarimetry #1

Breit-Rabi electron polarimeter

▷ The 1–4, 2–6 and 3–5 RF transitions involve
a collective electron and nuclear spin flip
=⇒ a measurement of electronic polarization
allows one to measure the efficiencies
of the MFT and SFT, and control
the injected polarization states

▷ Typical efficiencies:
ε(1 ↔ 4) = 0.97± 0.01
ε(2 ↔ 6) = 1.02± 0.02
ε(3 ↔ 5) = 0.99± 0.02

Ferro-Luzzi++, NIMA 364, 44 (1995)

VOLUME 78, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 17 FEBRUARY 1997

FIG. 1. Schematic outline of the atomic beam source, Breit-
Rabi polarimeter, internal target, and ion-extraction system.
All components, except the neutron detectors (PS), correction
magnet (CM), and target holding field magnet, are inside the
vacuum system. D: rf dissociator; CH: cold head; S1, S2,
S3: sextupole magnets; MFT, SFT: medium- and strong-field
transition units; SH: shutter; C: chopper; QMS: quadrupole
mass spectrometer; RL: repeller lens; EL: triplet of ion-
extraction lenses; SD: spherical deflector; AL: electrostatic lens;
WF: Wien filter; IC: ion collector; Ti(T): tritiated titanium
target.

transition, while the SFT provides either a 2-6 or a 3-
5 transition. Each transition involves a collective change
of the nuclear- and electron-spin orientation. Therefore,
a decrease of 1y3 in the amount of atoms detected by the
QMS with a high-frequency transition unit on, indicates
a 100% efficiency of the transition. The 1-4, 2-6, and
3-5 transitions occur with an efficiency of0.97 6 0.01,
1.02 6 0.02, and0.99 6 0.02, respectively [19]. Conse-
quently, deuterium atoms in well-controlled mixtures of
hyperfine states are injected into the storage cell.

Two different storage cells were used in our experi-
ment: an uncoated copper cell, and an ultrapure aluminum
cell coated with a solution of PTFE3170 liquid Teflon
diluted with water [20]. The copper cell was constructed
from 10 mm thick copper [21] foil and cleaned with
trichloroethane before manufacturing. No precaution was
taken to avoid natural oxidation of the surface. The
PTFE-coated aluminum cell was cooled to approximately
180 K. The copper cell was kept at room temperature.
The atoms (molecules) spend about 3 (5) ms in the
storage cell, while undergoing about 300 wall bounces.
On wall contact, the polarized deuterium atoms will
largely recombine to molecules on a copper surface [14],
whereas on a PTFE-coated cell surface recombination is
strongly suppressed.

FIG. 2. Top panel: hyperfine structure of deuterium as a
function of the static fieldB. The lines indicate the Zeeman
transitions used in the present experiment. Bottom panel:
response of the BRP as a function of the central magnetic field
in the MFT and SFT.

The cells were placed in the Amsterdam Pulse Stretcher
ring at NIKHEF. Several pulses of 704 MeV electrons
were stacked into the ring, yielding currents up to 120 mA
and a lifetime exceeding 15 min. The relative amount
of atoms and molecules in the two cells was determined
by analyzing the fraction of the gas, ionized by the
electron beam. Note that, for ultrarelativistic electrons,
the ratio of ionization cross sections for molecules and
atoms is 2 [22]. The produced ions were prevented from
reaching the walls of the storage cell by confining them
with a 23 mT longitudinal magnetic field (see Fig. 1).
They were, on the one side of the cell, reflected by an
electrostatic repeller lens and, on the other side, extracted
by using a triplet of lenses and a spherical deflector. A
Wien filter separated the atoms from molecules, and we
determined the atomic fraction,x ­ nDysnD 1 2nD2 d,
whereni is the areal target density of the species. The
atomic fraction was corrected for a2 6 1% contribution
from dissociative ionization of the molecules by the
704 MeV electrons. This contribution was determined
by measuring the atomic fraction for a pure molecular
(unpolarized) deuterium sample [23]. In addition, the
transmission efficiency of the D1 and D1

2 ions through
the electrostatic setup was determined by injecting known
mixtures of H2 and D2 gases. The ratio of H12 and D1

2 ion
currents, measured after the Wien filter, was consistent
with the prepared mixture ratios to within 3% [23]. We
found for the PTFE-coated aluminum (bare copper) cell
x ­ 0.71 6 0.02 s0.26 6 0.03d.

The molecules,nD
unp
2

, coming from background gas
or from the nozzle will be unpolarized, and only the
molecules,nDrec

2
, originating from recombination are po-

tentially polarized. Their contribution was determined

1236

30



Target polarimetry #2

Ion extraction polarimetry for direct measurement of Pzz

Done at NIKHEF and should have been done at MIT–Bates: exploits angular asymmetry
of the 3H–

←→
d fusion process 3H(d, n)4HeC. Angulo et al./Nuclear Physics A 656 (1999) 3-183 35 
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Non-resonant cross section data from GR61, BU87 and BR94 covering the energy 
range 0.047 ~< E ~< 1.18 MeV are used. The data of SC87a, which have an inconsistent 
normalization, are disregarded. Nuclear models explain well the low energy dependence 
without the inclusion of electron screening [KA86,LA86a,MO93]. Up to 2.5 MeV, we 
use the energy dependence given by the microscopic calculation of KA86. A renormal- 
ization factor 1.01 :E 0.11 is obtained from a X 2 analysis of the data. The recommended 

S-factor at zero energy is So = 0.10 + 0.02 keV b. For E ~< 0.4 MeV, the S-factor can 

be well approximated by the expression S(E) = 0 . 1 0 -  0.15E + 0.13 E 2 (E  in MeV, 

S(E) in keV b). The present rate is in perfect agreement with the CA88 compilation 
in the temperature range T9 ~< 1. However, for T9 > 1, the present rates are significantly 
lower, up to a factor 5 near T9 = 10. This difference is due to the S-factor used by 
CA88, which fits well the experimental data up to about 0.2 MeV, while it increases 
unphysically at higher energies. The present results are in good agreement with the rates 
given in BR94. 
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▷ Q = +17.6 MeV =⇒ Tn ≈ 14.6 MeV

▷ 60 keV deuterons =⇒ E = 36 keV in CM

▷ Huge cross-section, σ(E) = (S(E)/E)e−2πη ≈ 2.3 b (!) Sommerfeld η = 0.909

▷ Key point: neutron asymmetry

n(θ) ∝ 1− 1
4

f (Ed)Pzz(3 cos2 θ − 1)

e.g. f ≈ 0.959 at Ed = 51 keV // Zhou++, NIMA 379, 212 (1996)
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Target polarimetry #2 Schematic

Ion extraction polarimetry for direct measurement of Pzz
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Evidence of nuclear tensor polarization in deuterium molecules

P tot
zz =

nDPzz(D)+ 2nDrec
2

Pzz(Drec
2 )

nD + 2nDrec
2
+ 2nD

unp
2

= ξ Pzz(D)+ ζ Pzz(Drec
2 )

• Measured Pzz(D) extracted from Teflon-coated Al cell vs. uncoated Cu cell
by ion polarimetry: P+zz(D) = +0.523± 0.005 / P−zz(D) = −1.037± 0.007
vs. P+zz(D) = +0.434± 0.027 / P−zz(D) = −0.974± 0.035

• Determined Pzz(D2) from asymmetry
for electron–deuteron elastic scattering:
Aed=−0.232±0.014 vs. Aed=−0.183±0.043VOLUME 78, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 17 FEBRUARY 1997

FIG. 4. Left panel: tensor polarization,DPzzsDd, of the atoms.
Right panel: absolute value of the elastic electron-deuteron
scattering asymmetry. Data are given for both the PTFE-coated
aluminum (squares) and the uncoated copper cell (circles).

a check on false asymmetries, we measured the asym-
metry for unpolarized target gas and obtainedAunp ­
0.000 6 0.014.

Figure 4 shows the tensor polarization,DPzzsDd ;
P1

zzsDd 2 P2
zzsDd, of the atoms and the absolute value

of the elastic electron-deuteron scattering asymmetry for
both the PTFE-coated aluminum and the copper cell. All
previous internal-target experiments with polarized hy-
drogen or deuterium (e.g., Refs. [5–8]) have used storage
cells with special surfaces, consisting of drifilm or PTFE.
However, we observe a significant asymmetry with an
uncoated copper cell. It is concluded that the molecules
retain most of the tensor polarization of the parent atoms.
Compared to a PTFE-coated aluminum surface, atoms ex-
hibit a 10% polarization loss on copper. Since molecules
originate from recombination of these atoms, we expect a
similar polarization loss for molecules, and thus forACu.
Assuming that the ratio of molecular over atomic tensor
polarization is the same for the copper and the PTFE-
coated aluminum cell, we obtain for the nuclear tensor
polarization of the molecules from recombined atoms
DPzzsDrec

2 d ­ s0.81 6 0.32d 3 DPzzsDd. Such a high
polarization indicates the possibility of developing a
polarized molecular target. Here, the paired electrons in
a hydrogen and/or deuterium molecule are chemically
stable, and interact weakly with the spin of the nucleus.
This may allow one to develop a robust polarized H2yD2
target, insensitive to beam-induced depolarization, po-
larization losses due to spin-exchange collisions, and
radiation damage of the cell surface.

In summary, combining the asymmetries obtained
from elastic electron-deuteron scattering, the atomic-
to-molecular ratios measured with the Wien filter and
the atomic nuclear tensor polarizations seen in the ion-
extraction polarimeter, we find that molecules produced
by recombination of atoms retain most of the atomic nu-
clear tensor polarization in a copper cell. The techniques
discussed here may have broad applicability to future
developments in spin-dependent scattering experiments.
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=⇒ ∆Pzz(Drec
2 ) = (0.81± 0.32)∆Pzz(D)

=⇒ May allow one to develop a robust polarized H2/D2 target
insensitive to beam-induced depolarizations, polarization losses
due to spin-exchange collisions, and radiation damage to cell surface
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by turning on and off the sextupole electromagnets, as
well as by flowing background gas. For the PTFE-coated
aluminum (uncoated copper) cell, we found that about
85% (35%) of the molecules in the target cell are due
to the molecular beam, residual gas in the target cham-
ber, and diffused flow from the ABS into the feed tube,
while about 15% (65%) of the molecules in the storage
cell originated from recombination of atoms on the walls.
Figure 3 shows the normalized ion current as a function
of the magnitude of the Wien filter magnetic field. The
peaks at lower and higher magnetic field correspond to
D1 and D1

2 , respectively. It is seen that the PTFE-coated
cell contains mostly atoms, whereas a substantial molecu-
lar contribution from recombined atoms is realized in the
uncoated copper cell. The hatched area represents the
contribution of atoms and recombined molecules.

The tensor polarization of the target gas can be written
as

Ptot
zz ­

nDPzzsDd 1 2nDrec
2

PzzsDrec
2 d

nD 1 2nDrec
2

1 2nD
unp
2

. (1)

The nuclear tensor polarization of the deuterium
atoms, PzzsDd, has been determined by accelerating

FIG. 3. Normalized ion current as a function of the magnitude
of the Wien filter magnetic field. The peaks at lower and higher
magnetic field correspond to D1 and D1

2 , respectively. Results
are shown for PTFE-coated aluminum (a) and uncoated copper
(b) cells. The hatched area represents the contribution of atoms
and molecules which recombined in the storage cells. The
unhatched contribution D

unp
2 represents unpolarized molecules

originating from residual D2 gas and from an undissociated
molecular beam.

the atomic ions, produced by the circulating electrons,
to 60 keV, which are then used to bombard a tritiated
foil [16]. The reaction3Hsd, nd4He was used to mea-
sure the tensor polarization directly. For the atoms in
the PTFE-coated aluminum (uncoated copper) cell we
found P1

zzsDd ­ 10.523 6 0.005 s10.434 6 0.027d and
P2

zzsDd ­ 21.037 6 0.007 s20.974 6 0.035d, where the
error represents the statistical accuracy. The deviation
from maximum polarization can be explained by the
effects of the finite targetB field, the 80 6 5% state-4
rejection efficiency of the second sextupole [23], and
polarization losses in the cell due to atomic spin flip
transitions on the walls and spin-exchange collisions.

The tensor polarization of D2 molecules cannot be mea-
sured with the above described polarimeter. It was found
that the data forPzzsD2d given in Ref. [14] cannot be
interpreted to give the tensor polarization of the molecules
in the storage cell due to the unknown spin precession
angle of the remaining electron in the D1

2 molecular
ion. In passing through the magnetic (fringe) field, the
hyperfine interaction then causes uncertainties in the
orientation of the nuclear spin at the position of the3H foil
(they applied no magnetic field at this foil). Therefore, we
determined the tensor polarization of the molecules
by measuring the asymmetry,A ­

N12N2

2N11N2 , for elastic
electron-deuteron scattering at 704 MeV incident energy.
Here, N1 sN2d are the yields of scattered electrons
for deuterium nuclei with tensor polarizationP1

zz sP2
zzd.

Kinematics were selected where the spin is directed along
the momentum transferred by the electron to the nucleus
and the yields are sensitive to the tensor analyzing power
T20 [3]. The target thickness obtained with this ABS
amounts to2 3 1013 atoms cm22. Scattered electrons are
detected in an electromagnetic calorimeter [24] consisting
of six layers of CsI(Tl) blocks and two plastic scintil-
lators covering a solid angle of 180 msr. The central
angle of the electron detector is positioned at45±. This
results in a coverage in four-momentum transfer between
1.8 , q , 3.2 fm21 with a cross section and acceptance
weighted average of̄q ­ 2.3 fm21.

The recoil deuterons are detected in a range telescope
[25] consisting of 15 layers of 1 cm thick plastic scintilla-
tor preceded by 1 layer of 2 mm thickness. An unambigu-
ous separation of the deuterons from protons is obtained
by differences in time of flight, in energy loss in the scin-
tillators, and by requiring kinematic correlations between
electron and deuteron events. The detector is positioned at
a central angle of62±, and covered a solid angle of nearly
300 msr. Both detectors are preceded by two sets of wire
chambers for track reconstruction. The minimum energy
of the detected deuterons is 19 MeV.

In a background-free measurement of the reaction
2Hse, e0dd, we found for the elastic electron scatter-
ing asymmetriesAPTFE ­ 20.232 6 0.014 and ACu ­
20.183 6 0.043, where the superscripts PTFE and Cu
denote that the measurements were carried out with the
PTFE-coated aluminum cell and the copper cell. As
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The ABC of e–d elastic scattering

• Spin(deuteron) = 1 =⇒ three form-factors GC(Q2), GQ(Q2) and GM(Q2)
• The unpolarized XS, σ0 = σMottf−1

recS, where S = A(Q2)+ B(Q2) tan2 θe/2,
allows for separation of two linear combinations of form-factors:

A(Q2) = G2
C + 8

9η2G2
Q + 2

3ηG2
M , B(Q2) = 4

3η(1+ η)G2
M , η = Q2/4M2

=⇒ A polarized measurement is needed to disentangle GC from GQ

σ = σ0

"
1+ PzzAT

d√
2

#
, AT

d =
2X

i=0

d2iT2i

d20 =
3 cos2 θ∗ − 1

2
, d21 = −

s
3
2

sin 2θ∗ cos φ∗ , d22 =
s

3
2

sin2 θ∗ cos 2φ∗

• Tensor analyzing powers (access controlled by spin angles (θ∗, φ∗)):

T20 = − 1√
2S

�
8
3

η GCGQ +
8
9

η2G2
Q +

1
3

η
�

1+ 2(1+ η) tan2 θe

2

�
G2

M

�
T21 = − 2√

3S

s
η3

�
1+ η sin2 θe

2

�
GQGM sec

θe

2

T22 = − 2
2
√

3S
ηG2

M
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Deuteron elastic structure functions (not state-of-the-art)
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The T20(70◦) results from NIKHEF

1996: a single point in T20 and T22,
small contribution from T21 estimated
from existing data on GQ(Q2) and B(Q2)VOLUME 77, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 23 SEPTEMBER1996

FIG. 3. Data and theoretical predictions forT20 and T22, as
a function of momentum transfer. Open circles are from
Ref. [11], diamonds from Ref. [7], squares from Ref. [10],
triangles from Ref. [8], crosses from Ref. [13], stars from
Ref. [9], and the solid circles from the present experiment. The
curves represent various theoretical models: short-dashed for
the NRIA including MEC from Ref. [19] by using the Argonne
V14 potential; solid from Ref. [20] for the RIA includingrpg
and vsg contributions; dotted for the RIA from Ref. [21]
by using the BonnQ potential; dot-dashed for the coupled-
channels calculation of Ref. [22] for IA1 MEC and model
D0; long-dashed for the PQCD prediction of Ref. [23]. The
inset shows the results in theq (T20) range from1.05 fm21

(20.55) to 1.90 fm21 (20.10). The heavy curve in the bottom
figure representsT22 calculated from a fit to the world data
for BsQ2d.

measurements up toq ­ 4 fm21 can distinguish between
the various models shown. The experimental techniques
established here are sufficient to obtain such data, with
small statistical and systematic uncertainties, within a
reasonable time frame.

In summary, we have performed a measurement of the
spin observables in elastic electron-deuteron scattering.
We have obtained essentially background-free data to
measure the asymmetry for target polarization both parallel
and perpendicular to the momentum transfer, and derived
the tensor analyzing powersT20 andT22 from these data.
The techniques developed in this experiment have broad
applicability to future measurements of spin-dependent
electron scattering.
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1999: three new points,
with absolute polarimetry
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TABLE I. Result on AT
d , T20s70±d, and GC with statistical and systematic uncertainties,

extracted from ourT20 measurements and the world data onA andB.

Q ffm21g AT
d T20s70±d (stat.) (syst.) GC (stat.) (syst.)

2.03 20.683 20.713s0.082d (0.036) 0.163(0.003) (0.014)
2.35 20.891 20.897s0.081d (0.045) 0.100(0.003) (0.009)
2.79 21.383 21.334s0.223d (0.066) 0.035(0.015) (0.005)

A and B (see [7] for an overview). To investigate the
sensitivity of the extraction procedure to the uncertainty
in the input parameters (i.e.,Q, ue, d2i , AT

d , A, and B),
these were varied independently within their error and the
extraction repeated. The total error was taken to be the
quadratic sum of the separate errors. Note that the main
contribution to the systematic error inAT

d comes from the
systematic uncertainty in the polarization.

The observablesA, B, and T20 provide three different
combinations of the form factorsGC, GQ , andGM , from
which these can be extracted. The result forT20 was
recalculated atue ­ 70±, to allow a direct comparison
with the results of other experiments. The extracted
values forT20 andGC are shown in Table I and in Fig. 2.
The new data onT20 are each at least ones below the
predictions of nonrelativistic [1,2] and relativistic models
[3,4]. This confirms the findings of the previous NIKHEF
experiment [16].

To evaluate the model sensitivity of theT20 and t20
data sets ax2 analysis was performed, for which the data
measured most recently at Bates [7], using a calibrated
recoil parameter, and those from the NIKHEF experiments
were selected. The data from BINP have poor accuracy at
low Q [17] and poor discriminating power in theQ range
from 1 to3 fm21 [18], since theT20 values were extracted
by normalizing one datum to a selected model prediction.
The selected data sets are compared to the calculations
of Wiringa [1], Mosconi [2], Hummel [3], Van Orden
[4], and Buchmann [20]. The first two calculations, both
using the nonrelativistic impulse approximation, differ in
the NN potential used (Argonne-y18 for Wiringa and
Paris for Mosconi) and in the implementation of meson-
exchange contributions. The Buchmann calculation used
a nonrelativistic cluster model of constituent quarks and
mesons in a limited parameter space, but fails to reproduce
the data onA and B with great accuracy. The first two
columns of Table II give thex2 values when only theT20
data of either experiment are considered. In addition, both
these experiments yielded data on other tensor analyzing
powers: in the 95 data run of NIKHEF [16]T22 was also
determined, and the Bates experiment determined all tensor
moments simultaneously. The last two columns of the
table give the results when all data are taken into account.

The two data sets lead to different conclusions about
the quality of the models. The NIKHEF set shows a
preference for nonrelativistic calculations with realistic
NN potentials, when only theT20 data are considered, and
this conclusion remains unaltered when the datum onT22
is included in the fit. The Bates data set, on the other

hand, shows a preference for the relativistic calculations,
but loses most of its discriminating power when all data on
t2i are taken into account, mainly due to an inconsistency
in one value oft22. The then available data onT20 andt20
led Henninget al. [21] to point out an inconsistency in the
location of the minimum of the charge form factor of two-
and three-nucleon systems.

Stringent constraints are imposed on models by the
extensive data for the unpolarized structure functionsA
and B, in addition to the polarized data. In Table III
the result of ax2-analysis is given forA and for B,

FIG. 2. Extracted values (solid triangles) ofT20s70±d (top)
and GC (bottom) as a function ofQ compared to the world
data and selected calculations. Data: solid triangles (present
experiment), open squares [7], solid square [16], open diamond
[17], open triangles [18], open circles [19], and open cross [6].
Curves: short-dashed [1], dash-dotted [2], full [3], long-dashed
[4], dotted [20]. The shaded area indicates the size of the
systematic errors from the present experiment.
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The T20(70◦) results from MIT–Bates

• The 1984 and 1991/1994 MIT–Bates experiments yielded deuteron tensor
polarizations t20 via d(e, e′

←→
d ) by using recoil polarimetry

Schulze++, PRL 52, 597 (1984)
The++, PRL 67, 173 (1991)
Garçon++, PRC 49, 2516 (1994)

• The 2004/2005 experiments at BLAST
(using ABS) extracted T20 and T21 like
at NIKHEF

▷ Small T22 contribution subtracted
by using a parameterization of
previous low-Q data

▷ In absence of absolute polarimetry,
polarization and spin angle calibrated
by the two lowest-Q points

Zhang++, PRL 107, 252501 (2011)

respectively. Two asymmetries were measured simulta-
neously corresponding to electrons scattered into the left
and right sector.

Two sets of data were taken during late 2004 and early
2005. The integrated luminosities were 140 pb�1 and
340 pb�1, corresponding to 370 kC and 560 kC integrated
charge, respectively. The target spin was directed in the
horizontal plane on average to 31:7� and 47:7� to the left
side of the beam for the 2004 and 2005 data sets, respec-
tively, each with about �0:5� uncertainty. The spin angle
in each case varied by a few degrees along the cell and was
corrected using a carefully measured field map. The aver-
age spin angle was calibrated simultaneously with the
target tensor polarization by comparing the elastic tensor
asymmetries at low momentum transfer 1:75<Q<
2:15 fm�1 to Monte Carlo simulations based on
parametrization III [26] of previous experimental data.
The uncertainty in the normalization is estimated to be
�5%, which is dominated by the dispersion between the
three parametrizations [26]. The tensor polarizations for
the 2004 and 2005 data sets were Pzz ¼ 0:683� 0:015�
0:013� 0:034 and 0:563� 0:013� 0:023� 0:028, re-
spectively, where the three uncertainties are statistical,
systematic, and due to the parametrization, in that order.
The small T22 component in AT

d was subtracted using the

above parametrization, and T20 and T21 were extracted by
solving the two-by-two linear equations relating the ex-
perimental asymmetries for electrons in the left and right
sector of the detector and the two analyzing powers. For
comparison to existing data, T20 and T21 have been ad-
justed to the conventionally accepted angle �e ¼ 70�.
Table I and Fig. 1 show the results for T20 and T21 with
statistical and total systematic uncertainties. The largest
systematic uncertainty is due to the parametrization of
world data in the calibration of Pzz. Other sources of
systematic errors include the Q2 determination, the spin
orientation, and the statistical uncertainty in Pzz. In order
to highlight the low-Q region, the values for T20 were

converted to ~T20R using parametrization III [26] for �;
the results are depicted in Fig. 2.
The values for T20 measured in this work are in agree-

ment with previous data; yet, they are much more precise.
Our data cover a wide kinematic range, providing a strong
constraint on theQ2 evolution of T20 in an important region
which contains the minimum of T20 and the first node of
GC. The T21 results are consistently larger in magnitude
than all the models and previous measurements at high Q,
albeit still consistent within the systematic errors.
The nonrelativistic model with meson exchange and

relativistic corrections by Arenhövel et al. [13] agrees

TABLE I. T20 and T21 measured in this experiment andGC and
GQ separated with present data and the structure function A. The

upper errors for T20 and T21 are statistical, and the lower ones are
systematic. Q is in fm�1.

Q T20 T21 GC GQ

2.228 �0:780�0:021
�0:053 �0:149�0:016

�0:023 0.1223(14) 3.87(26)

2.404 �0:877�0:026
�0:061 �0:148�0:023

�0:030 0.0953(14) 2.99(20)

2.603 �1:016�0:031
�0:076 �0:224�0:031

�0:049 0.0701(17) 2.36(18)

2.827 �1:172�0:044
�0:083 �0:312�0:050

�0:064 0.0479(21) 1.84(15)

3.063 �1:244�0:051
�0:086 �0:433�0:072

�0:084 0.0314(33) 1.37(12)

3.319 �1:251�0:074
�0:085 �0:64�0:12

�0:10 0.0139(33) 1.091(55)

3.560 �1:15�0:10
�0:08 �0:57�0:17

�0:09 0.0087(26) 0.763(31)

3.823 �1:13�0:13
�0:06 �0:65�0:21

�0:08 0.0065(15) 0.522(24)

4.140 �0:70�0:17
�0:05 �0:74�0:23

�0:05 0.0003(17) 0.3637(48)
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FIG. 1 (color online). Results for T20 and T21 [grey (red on-
line) dots] compared to previous data [4] (open dots), [5,6] (open
upright triangles), [7] (solid upright triangles), [8] (solid dots),
[9] (open squares), [10] (solid squares), [11] (open stars), [12]
(solid down triangles), and various theoretical predictions. The
theoretical curves are nonrelativistic models with relativistic
corrections [13] (long dashed line), [14] (dashed line), relativis-
tic models [15] (dash-dotted line), [16] (dotted line), and effec-
tive field theory [17,18] (grey error band). Parametrization III
[26], used for normalization, is shown (solid line) for reference.
The shaded area represents the systematic uncertainties. The first
two points at low Q [shown as grey (red online) stars] were used
to calibrate polarization and spin angle, while the remaining
nine points [shown as grey (red online) dots] represent new
measurements.
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T̃20R from BLAST

Eliminate the dependence on θe and GM; in addition, divide out the leading
Q2-dependence (“reduced T20”):

eT20 = −
8
3ηGCGQ + 8

9η2G2
Q√

2
�

G2
C + 8

9η2G2
Q

� , eT20R(Q2) = − 3√
2QdQ2

eT20(Q2)

with our data very well, while it deviates from the
experimental results of [11] at higher Q. Although the
calculation by Schiavilla et al. [14] agrees with T20 mea-
sured in this work, it appears to underpredict the size of
T21. The relativistic calculation of T20 by Van Orden et al.
[15] does not agree with our data at lowQ even while T21 is
in good agreement. The agreement improves at higher Q.
The agreement is also much improved when our data are
normalized to [15], which indicates a good prediction of
the ‘‘shape’’ of T20. An overall good description is given by
the relativistic calculation of Phillips et al. [16].

The recent effective field theory (EFT) calculation by
Phillips [17,18] in the framework of chiral perturbation
theory is only valid below a momentum transfer of
� 3 fm�1, up to which it agrees with our data very well.
It should be noted that the quadrupole form factorGQ plays

an important role in both T20 and T21; yet, none of the
potential models [13–16] of GQ reproduce the static deu-

teron quadrupole momentQd when extrapolated toQ ¼ 0.
This has been identified by the EFT calculation in [18] as a
relativistic short-range effect, where the suggested renor-
malization leads to excellent agreement with our data,
which can be best seen in Fig. 2.

The charge monopole and quadrupole form factors GC

andGQ were separated for eachQ value using existing data

for structure function A, T20, and T21 by minimizing the
quantity

�2 ¼
�
A� Ac

�A

�
2 þ

�
T20 � Tc

20

�T2
20

�
2 þ

�
T21 � Tc

21

�T21

�
2
; (5)

in which T20 and T21 are the measured values and Ac, Tc
20,

and Tc
21 were calculated from GC, GQ, and GM. In the fit,

GC and GQ were varied while GM and A were fixed by

parametrization I [26]. The uncertainty in A was computed

from the covariance matrix of the parametrization.
The resulting values for GC and GQ are shown in Table I

and Fig. 3.
The full parametrization I [26] of the deuteron form

factors was refit with the results of Ref. [12] and of the
present Letter included, and all 18 parameters, including
the location of the first nodes of all three form factors, were
allowed to vary. The fit confirms the location of the first
node of GC at 4:19� 0:05 fm�1, consistent with previous
findings [12,26].
In conclusion, we have measured the deuteron tensor

analyzing powers in the momentum transfer range of 2.15
to 4:50 fm�1. Our results are consistent with previous data,
yet with much improved precision. The wide kinematic
coverage provides unique information on the Q depen-
dence of T20 and T21. Our data are in excellent agreement
with recent results in the EFT framework, which offers a
solution for the long-standing problem of the deuteron
quadrupole moment. Our data have enabled the separation
of the deuteron form factors GC and GQ in the low Q
region and have confirmed the location of the first node
of GC.
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The recent effective field theory (EFT) calculation by
Phillips [17,18] in the framework of chiral perturbation
theory is only valid below a momentum transfer of
� 3 fm�1, up to which it agrees with our data very well.
It should be noted that the quadrupole form factorGQ plays

an important role in both T20 and T21; yet, none of the
potential models [13–16] of GQ reproduce the static deu-

teron quadrupole momentQd when extrapolated toQ ¼ 0.
This has been identified by the EFT calculation in [18] as a
relativistic short-range effect, where the suggested renor-
malization leads to excellent agreement with our data,
which can be best seen in Fig. 2.

The charge monopole and quadrupole form factors GC

andGQ were separated for eachQ value using existing data

for structure function A, T20, and T21 by minimizing the
quantity

�2 ¼
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A� Ac
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�
2 þ

�
T20 � Tc
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�T2
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�
2 þ

�
T21 � Tc

21

�T21

�
2
; (5)

in which T20 and T21 are the measured values and Ac, Tc
20,

and Tc
21 were calculated from GC, GQ, and GM. In the fit,

GC and GQ were varied while GM and A were fixed by

parametrization I [26]. The uncertainty in A was computed

from the covariance matrix of the parametrization.
The resulting values for GC and GQ are shown in Table I

and Fig. 3.
The full parametrization I [26] of the deuteron form

factors was refit with the results of Ref. [12] and of the
present Letter included, and all 18 parameters, including
the location of the first nodes of all three form factors, were
allowed to vary. The fit confirms the location of the first
node of GC at 4:19� 0:05 fm�1, consistent with previous
findings [12,26].
In conclusion, we have measured the deuteron tensor

analyzing powers in the momentum transfer range of 2.15
to 4:50 fm�1. Our results are consistent with previous data,
yet with much improved precision. The wide kinematic
coverage provides unique information on the Q depen-
dence of T20 and T21. Our data are in excellent agreement
with recent results in the EFT framework, which offers a
solution for the long-standing problem of the deuteron
quadrupole moment. Our data have enabled the separation
of the deuteron form factors GC and GQ in the low Q
region and have confirmed the location of the first node
of GC.
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• Precise data covering the minimum of T20 and the first node of GC

• Strong constraint on models
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T e
11 from BLAST (e–d elastic)

With polarized beam and vector-polarized target, AV
ed becomes accessible:

σ = σ0

1+
s

1
2

PzzAT
d +

s
3
2

PePzAV
ed


AV

ed =
p

3
�

1√
2

cos θ∗T e
10(Q2, θe)− sin θ∗ cos φ∗T e

11(Q2, θe)
�

T e
11 ∝ GM

�
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η
3
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�
−measured for the first time :
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Figure 11
Vector-analyzing power T e

11.

for the tensor- and vector-analyzing powers with the nonrelativistic model with MEC and RC
by Arenhövel et al. (1) is evident. This is also true of Phillips’s (7) effective field theory calcu-
lation in this low-Q2 region. In addition, the figure demonstrates the good agreement between
the BLAST results and parameterization III (117) of the deuteron form factors and structure
functions.

The significant sources of systematic errors in the measurements of the tensor- and vector-
analyzing powers were the uncertainties in the reconstructed electron scattering angle θ e, in the
orientation of the target polarization vector, and in the tensor polarization and beam-target vector
polarization product. In conclusion, BLAST has provided a high-precision measurement of the
tensor-analyzing powers T20 and T21 over a wide Q2 range, as well as the first measurement of the
vector-analyzing power T e

11.

5. ELECTRO-DISINTEGRATION OF THE DEUTERON WITH
DETECTION OF AN EMITTED PROTON

During data taking on the polarized deuteron target, large numbers of events were accumulated
in which both a scattered electron and an emitted proton were detected. The cross section for
such events was sensitive to many interesting aspects of the photo-nucleon interaction and to
the dynamics of deuteron structure: the quasi-elastic electron-proton interaction, FSI, MEC,
relativistic effects, IC, and the amount of D state in the deuteron wave function. By use of the
large acceptance of the BLAST spectrometer and asymmetries related to the polarization of the
beam and target, it was possible to utilize the 2 �H (�e, e ′ p) data to emphasize one or more of these
aspects and to test models of nucleon-nucleon interactions.

As indicated above, the polarization direction of the target was chosen so that the virtual photon
from the scattered electron was roughly along (parallel kinematics) or normal to (perpendicular
kinematics) the polarization of the struck deuteron. Because both the beam and the target were
polarized, it was possible to measure experimental asymmetries depending on polarization di-
rections and detection directions. The two asymmetries of relevance to this discussion are the
tensor asymmetry AT

d and the beam-vector asymmetry AV
ed . Both follow from the cross-section
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The ABC of e–d quasi-elastic scattering #1Probing the deuteron with electron-scattering

n

p
~pf = ~q � ~pr

~q

~pr = ~pm
✓nq

d5�

d!d⌦ed⌦p
= k�ep⇢(pr)

In the plane wave impulse approximation (PWIA)

Det
ect

or Detector

5

N. Santiesteban (Trento 2023)
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The ABC of e–d quasi-elastic scattering #2

Suppresses MEC
Suppresses IC

We can reduce at the right 
kinematics

In reality …

6 N. Santiesteban (Trento 2023)
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AV
ed(θ∗ = 90◦, φ∗ = 0◦) in quasi-elastic 2H⃗(e⃗, e′n) — NIKHEF

σ = σ0

h
1+ Pd

1 AV
d + Pd

2 AT
d + hPe

�
Ae + Pd

1 AV
ed + Pd

2 AT
ed

�i
Pd

1 =
q

3
2(n+ −n−)VOLUME 82, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 21 JUNE 1999

FIG. 2. Asymmetry for the reaction2 $Hs$e, e0pdn integrated up
to a missing momentum of 200 MeVyc versus time for a two-
week period.

This advanced, nonrelativistic model includes the effects
from final-state interaction, meson-exchange currents, iso-
bar configurations, and relativistic corrections, and has
been shown to provide good descriptions for quasifree pro-
ton knockout from tensor-polarized deuterium [14]. Finite
acceptance effects were taken into account with a Monte
Carlo code that interpolated the model predictions between
a dense grid of calculations over the full kinematical range
and detector acceptance. In this way, the effective product
of beam and target polarization (i.e., including the effect of
background events and electron depolarization) was deter-
mined to be0.42 with a statistical precision of better than
1% and a systematic uncertainty of 3%, mainly limited by
the knowledge of the proton form factors.

Neutrons were identified by a valid hit in oneE
scintillator or two neighboringE scintillators (to al-
low for events that deposit energy in two neighboring
E-scintillators) and no hits in the preceding (dE andDE)
scintillators, which resulted in an eightfold to twelvefold
veto requirement. Minimum-ionizing particles and pho-
tons were rejected by a cut on the time of flight, resulting
in a clean sample of neutrons, with only a small proton
contamination. The spin-correlation parameter was ob-
tained from the experimental asymmetry by correcting for
the contribution of protons misidentified as neutrons [less
than 1%, as determined from a calibration with the reac-
tion 1Hse, e0pd], and for the product of beam and target
polarization, as determined from the2 $Hs$e, e0pdn channel.

The main effect of cell wall events is a reduction of
the effective target polarization. Therefore, the effects
largely cancel in the asymmetry ratio. We have studied the
cell wall contribution by measuring with an empty storage
cell. The background contribution to these, e0pdn and
se, e0ndp channels amounted tos5 6 1d%, stable over the
entire run. A possible dependence on the target density
was investigated by injecting various fluxes of unpolarized
hydrogen into the cell and measuring quasifree nucleon
knockout events. The target density dependence was
found to be negligible at ABS operating conditions.

Figure 3 shows the spin-correlation parameter for the
2 $Hs$e, e0ndp channel as a function of missing momentum.
The data are compared to the predictions of the full model
of Arenhövelet al. [4], assuming the dipole parametriza-

FIG. 3. Data and theoretical predictions for the sideways
asymmetry AV

eds90±, 0±d versus missing momentum for the
2 $Hs$e, e0ndp reaction. The curves represent the results of the
full model calculations of Arenhövelet al.,assumingGn

E equals
0, 0.5, 1.0, and 2.0 times the Galster parametrization [21],
which results in the values ofGn

E at Q2 ­ 0.21 sGeV ycd2 as
shown in the legend. A PWIA calculation forGn

E ­ 0 would
result inAV

eds90±, 0±d ­ 0, independent ofpm.

tion for the magnetic form factor of the neutron and the
Paris nucleon-nucleon (NN) potential, folded over the de-
tector acceptance with our Monte Carlo code for various
values ofGn

E . Full model calculations are required for a
reliable extraction ofGn

E . This can be seen from Fig. 3,
as a plane wave impulse approximation (PWIA) calcula-
tion for Gn

E ­ 0, would result inAV
eds90±, 0±d ­ 0, inde-

pendent ofpm. We extractGn
EsssQ2 ­ 0.21 sGeV ycd2ddd ­

0.066 6 0.015 6 0.004, where the first (second) error
indicates the statistical (systematic) uncertainty. The sys-
tematic error is mainly due to the uncertainty in the cor-
rection for misidentified protons and the orientation of the
holding field (thus the contribution of the spin-correlation
parameterAV

eds0±, 0±d to our experimental asymmetry).
We have investigated the influence of theNN poten-

tial on the calculated spin-correlation parameters using
Arenhövel’s full treatment. The results forAV

eds90±, 0±d
using the Paris, Bonn, Nijmegen, and Argonne V14 NN
potential differ by less than 5% for missing momenta be-
low 200 MeVyc.

In Fig. 4 we compare our experimental result to other
data obtained with spin-dependent electron scattering.
Note that all other data have been obtained from a
comparison to PWIA predictions and thus without taking
into account reaction mechanism effects. The figure also
shows the results from Ref. [3], where the upper and
lower boundaries of the “shaded” area correspond to their
result obtained with the Nijmegen and Reid soft core
potentials, respectively. It is seen that our result favors
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FIG. 4. Data and theoretical predictions for the charge form
factor of the neutron as a function of four-momentum transfer.
The solid circle shows our result. The cross and open circle
represent the results from inclusive measurements performed at
MIT-Bates [9,10], where an external polarized electron beam
was scattered from polarized3He. The square represents the
datum for an electron-neutron coincidence measurement with
polarized 3He obtained at Mainz [7], whereas the triangle
represents the result of a2H s$e, e0 $ndp polarization-transfer
experiment at Bates [8]. The shaded area indicates the
systematic uncertainty from the unpolarized data by Platchkov
et al. [3]. The dotted curve shows the result of Galster
et al. [21], while the solid and dashed curves represent the
theoretical predictions of Gari and Krümpelmann [22,23] with
and without inclusion off-nucleon coupling, respectively.

their extraction ofGn
E which uses the Nijmegen potential.

By comparison to the predictions of the vector meson
dominance model by Gari and Krümpelmann, with [22]
and without [23] the inclusion of the coupling of thef
meson to the nucleon (which these authors identify with
the effect of strangeness in the neutron), our datum favors
the prediction without strangeness in the neutron included.

In summary, we presented the first measure-
ment of the sideways spin-correlation parameter
AV

eds90±, 0±d in quasifree electron-deuteron scattering
from which we extract the neutron charge form factor at
Q2 ­ 0.21 sGeVycd2. When combined with the known
value and slope [1] atQ2 ­ 0 sGeVycd2 and the elastic
electron-deuteron scattering data from Ref. [3], this result
puts strong constraints onGn

E up toQ2 ­ 0.7 sGeVycd2.
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Very nice: pmiss dependence of AV
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central angle of 58± and covered a solid angle of about
250 msr.

Protons with kinetic energies in excess of 40 MeV were
detected with an energy resolution of about 10%. The e0p
trigger was formed by a coincidence between the electron
arm trigger and a hit in any one of the TOF bars. Pro-
tons were selected by a valid hit in two photomultipliers
(PMTs) of at least one E-bar and a valid hit in both PMTs
of one of the preceding DE bars. This requirement allowed
us to use DE-E particle identification to discriminate be-
tween protons and either deuterons or pions. To select the
two-body breakup, the electron energy was required to be
larger than 450 MeV with a reconstructed missing energy
between 250 and 50 MeV. Note that missing energy is
defined as Em � n 2 Tp 2 Tn, where Tp and Tn repre-
sent the kinetic energies of the ejected proton and recoiling
neutron, respectively. These requirements resulted in clean
two-body breakup events, with only a small dilution due
to cell-wall events.

The spin correlation parameter AV
ed�90±, 0±� was ex-

tracted from the measured asymmetry via

Aexp �
N11 1 N22 2 N12 2 N21

N11 1 N22 1 N12 1 N21

� hPd
1 AV

ed ,

(3)

where N66 represent the number of events that pass the
selection criteria, with h and Pd

1 either positive or negative,
normalized to the integrated luminosity in that configura-
tion. The contribution of electrons scattering from the cell
wall has been taken into account by subtracting the nor-
malized rate of cell-wall events from the observed num-
ber of events. We have studied the cell-wall contribution
by measuring with an empty storage cell. The background
contribution amounted to 5% for low missing momenta, in-
creasing to about 40% for pm � 400 MeV�c. A possible
dependence on the target density was investigated by in-
jecting various fluxes of unpolarized hydrogen into the cell
and measuring quasielastic nucleon knockout events. The
target density dependence was found to be negligible at
ABS operating conditions. Finite-acceptance effects were
taken into account from the results of a Monte Carlo code
that interpolated the model predictions in a dense grid over
the full kinematical range and detector acceptance.

Figure 3 shows the experimental results in compari-
son to various predictions. The short-dashed and dot-dot-
dashed curves are PWIA predictions for the Argonne y18
NN potential [10] with and without inclusion of the D
state, respectively. The figure shows that inclusion of the
D state is essential to obtain a fair description of the data
for the higher missing momenta. The other curves are pre-
dictions of the model of Arenhövel et al. [6,22] for the
Bonn NN potential [7] and with different descriptions for
the spin-dependent reaction mechanism. We have investi-
gated the dependence of the predictions on the NN poten-
tial for the Bonn [7], Nijmegen [8], Paris [9], and Argonne

PWIA (S only)

S only

S+D
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PWBA+FSI
PWBA+FSI+MEC
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FULL
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A
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FIG. 3. Spin correlation parameter AV
ed�90±, 0±� as a function

of missing momentum for the 2 �H� �e, e0p�n reaction at Q2 �
0.21 �GeV�c�2. The short-dashed and dot-dot-dashed curves
are PWIA predictions for the Argonne y18 NN potential [10]
with and without inclusion of the D wave, respectively. The
other curves are predictions of the model of Arenhövel et al., for
PWBA 1 FSI (dotted), PWBA 1 FSI 1 MEC (dashed-dotted),
PWBA 1 FSI 1 MEC 1 IC (long-dashed), and FULL calcula-
tions which include RC (solid), as indicated in Refs. [6,22]. The
predictions are folded over the detector acceptance by using a
Monte Carlo method.

[10] potentials. The effect of these potentials on AV
ed is

negligible for pm , 200 MeV�c, and increases to 0.04 for
pm � 400 MeV�c, much smaller than the accuracy of the
data or the uncertainty in the calculation of the reaction
mechanism effects.

At pm , 100 MeV�c, the theoretical results for AV
ed

neither depend on the choice of the NN potentials nor on
the models for the reaction mechanism. This shows that in
this specific kinematic region the deuteron can be used as
an effective neutron target. Thus, these data were normal-
ized to the calculations and yielded an absolute accuracy
of 3% in the determination of hPd

1 for our measurement of
the charge form factor of the neutron [37]. For increasing
missing momenta, both the data and predictions for the
asymmetry reverse sign. This is expected from Eq. (1)
for an increasing contribution from the D-state compo-
nent in the ground-state wave function of the deuteron. It
can also be observed that inclusion of reaction mechanism
effects, mainly isobar configurations, are required for a
better description of the data. This is in agreement with
studies of unpolarized quasielastic electron-deuteron scat-
tering [21,38–40].

In the region of pm around 200 MeV�c where the S
and D states strongly interfere, the data suggest that all
models underestimate AV

ed. This may be attributed to an
underestimate of the D-state contribution or to a lack in

102302-3 102302-3

Passchier++, PRL 88, 102303 (2002)
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Sidetrack: 3H⃗e(e⃗, e′d) & 3H⃗e(e⃗, e′p) Krakow/Bochum calc.

Motivation behind the 2009 BigFamily of polarized-3He experiments in Hall A
— incidentally, using BigBite (!)

 State-of-the-art Faddeev calculations from Krakow/Bochum (B-H), Pisa, 

Hannover/Lisboa (H-L) groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 The role of S’ is most evident in region of small recoil momenta. 

 

 D-state governs variation of Az at high pr. 

D 

D 
S’ 

S’ 

What are the theoretical expectations? 

• S′ state relevant at small pr (= pmiss)?
• D state governs variation of Az at large pr?

For answers, see Mihovilovič++, PRL 113, 232505 (2014) and PLB 788, 117 (2019)
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... but the true ground state of 3He is like lace

Blankleider, Woloshyn PRC 29, 538 (1984)
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AT
d in quasi-elastic 2←→

H(e, e′p) — NIKHEF

Probes spin-dependent momentum densities ρmz:

ρ0(p) ∝
h
R0 +

√
2R2d2

0,0(θ)
i2
+ 3

h
R2d2

1,0(θ)
i2

ρ±1(p) ∝
h
R0 − 1√

2R2d2
0,0(θ)

i2
+ 9

8R2
2(1− cos4 θ)

AT
d =

s
1
2

σ+(pm)+ σ−(pm)− 2σ0(pm)
σ+(pm)+ σ−(pm)+ σ0(pm)

PWIA= −
2R0(p)R2(p)+

q
1
2R2

2(p)
R2

0(p)+ R2
2(p)

d2
0,0(θ)
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FIG. 1. Top panel: Missing-momentum spectrum for the
kinematically overcomplete reaction1Hse, e0pd. Bottom panel:
Missing-momentum spectrum for scattering from deuterium.
The shaded histogram indicates the background from the cell
wall. The solid histogram shows a Monte Carlo prediction.

the missing momentum. Results of measurements with
the polarization axis parallel and perpendicular to the mo-
mentum transfer were combined in this figure. The data
are compared to predictions [15] for the Paris potential.
The dashed curve in Fig. 2 represents the results for the
plane-wave Born approximation (PWBA) which includes
the coupling to the neutron, whereas in the solid curve the
effects of final-state interaction, meson-exchange (MEC)
andD-isobar (IC) currents, and relativistic corrections are
included. The spread in kinematics in each bin has been
taken into account by applying a Monte Carlo code that
interpolated between a dense grid of calculations that cov-
ered the full acceptance of our setup. It is observed that
the calculations describe the data well. Since in PWIA
the asymmetry is proportional tod2

0,0 [see Eq. (2)], the
zero crossings of the asymmetry are predicted to be at

cosus ­ 6

q
1
3 (ø0.58), while without a D-state com-

ponent to the ground-state wave function the asymmetry
vanishes. The results for PWBA differ slightly from this
prediction, indicating that for our kinematics the coupling
to the neutron is not completely negligible. Furthermore,
it is demonstrated that FSI effects modify the asymmetry
mainly for positive values of cosus.
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FIG. 2. AT
d as a function of cosus. The dashed curve

represents the result for PWBA, the solid curve for the full
calculation including FSI, MEC, and IC contributions and
relativistic corrections.

Figure 3 showsAT
d as a function of missing momentum

in approximately parallel kinematics, i.e., the center-of-
mass angle betweenp0 andq has been restricted (ucm

pq ,

13±). The results of the full calculation describe the data
well. The inclusion of spin-dependent rescattering effects
improves the description at the lowest missing momenta
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FIG. 3. AT
d as a function ofpm for parallel kinematics (i.e.,

ucm
pq , 13±). The short-dashed curve represents the result for

PWBA; in the long-dashed curve FSI effects are also included,
and the solid curve represents the full calculation.
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• One of the many statements that FSI, MEC & RC are needed
Zhou++, PRL 82, 687 (1999)
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AV
ed / AT

d in QE 2H⃗(e⃗, e′n) / 2←→
H(e, e′n) — BLAST

with

 � �

���
3

2

s
PzA

V
d �

���
1

2

s
PzzATd

� � Ae �

���
3

2

s
PzA

V
ed �

���
1

2

s
PzzATed;

(2)

where �unp is the unpolarized differential cross section,
Pz � n� � n� and Pzz � n� � n� � 2n0 are the vector
and tensor polarizations of the deuteron target defined by
the relative populations nm of the three deuteron magnetic
substates with respect to the deuteron orientation axis,m �
�1, 0, �1, respectively, and Pe is the longitudinal polar-
ization of the electron beam.

With BLAST, all of the polarization observables Ai in
Eq. (2) have been measured for the first time with precision
in a single experiment. The beam-target vector polarization
observable AVed is particularly sensitive to the neutron form
factor ratio Gn

E=G
n
M [12]. In the Plane Wave Born

Approximation (PWBA) and with the deuteron in a pure
S-state, the asymmetry AVed can be written analogously to
elastic scattering from the free neutron as

 AVed �
aGn2

M cos�� � bGn
EG

n
M sin�� cos��

cGn2
E �G

n2
M

� a cos�� � b
Gn
E

Gn
M

sin�� cos��; (3)

where �� and �� are the target spin orientation angles with
respect to the momentum transfer vector and a, b, and c are
known kinematic factors. This asymmetry has the largest
sensitivity to Gn

E when the momentum transfer vector is
perpendicular to the target polarization, i.e., �� � 90�.

However, there are sizable corrections to the asymmetry
in Eq. (3), mainly at low Q2 where they are dominated by
final state interactions (FSI). The relative contributions of
meson exchange currents (MEC), isobar configurations
(IC), and relativistic corrections (RC) become more sig-
nificant as the momentum transfer increases (see Fig. 1).
Extracting Gn

E must be done by comparison with theoreti-
cal asymmetries that include these effects.

The effects of FSI can be monitored with the other
polarization observables in Eq. (2). The asymmetries Ae,
AVd , and ATed all vanish in the Born approximation due to
parity and time reversal conservation and remain very
small (below 1%) even in the presence of FSI. This permits
these observables to be used to identify any false asymme-
tries in the experiment. FSI gives a sizable contribution to
the target tensor asymmetry ATd , which is insensitive to Gn

E
and otherwise close to zero in the quasifree limit. Figure 1
displays a Monte Carlo simulation of the reaction mecha-
nism effects on the asymmetries AVed (upper panel) and ATd
(lower panel) as a function of Q2 along with the measured
values. The calculations use the standard dipole form
factor GD � �1�Q2=0:71��2 for Gp

E, Gp
M=�p, and

Gn
M=�n, and 1:91�=�1� 5:6��GD for Gn

E [13], where
�p � 2:79, �n � �1:91, and � � Q2=�4m2

n�. The good
agreement of the measured tensor asymmetry ATd with the
full model supports the calculations of FSI to extract Gn

E
from the beam-target vector asymmetry AVed.

On the other hand, the corrections at low Q2 to AVed

measured in the 2 ~H� ~e; e0p�n reaction in quasifree kinemat-
ics are negligible [12], which allows for a precise determi-
nation of the product of beam and target polarizations PePz
along with the proton form factor ratio Gp

E=G
p
M in this

reaction channel [14].
The BLAST experiment was designed to carry out

spin-dependent electron scattering from hydrogen [15]
and light nuclei. Details on the experimental setup can be
found in [16]. The internal target consisted of an atomic
beam source (ABS) combined with an open-ended stor-
age cell through which the stored electron beam passed
continuously [17]. The ABS produced polarized mono-
atomic deuterium gas in the storage cell with nuclear
vector (V� : m � 1; V� : m � �1) and tensor
(T� : m � 0) polarization states. In addition, the helicity
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FIG. 1 (color online). Measured (solid blue points) and calcu-
lated beam-target vector polarization observable AVed (upper
panel) and tensor asymmetry ATd (lower panel) for the
2H�e; e0n�p reaction at 850 MeV, a target orientation of �d �
31:6� into the left sector of BLAST, and with neutrons detected
in the right sector. The colored curves are Monte Carlo simula-
tions based on the deuteron electrodisintegration model of
Ref. [11] (dotted magenta � PWBA, short-dashed green �
PWBA� FSI, solid red � PWBA� FSI�MEC� IC� RC)
using standard parameterizations for the nucleon form factors
(see text). In addition, the corresponding curves for Gn

E 	 0
(dash-dotted red) and for elastic scattering from the free neutron
(dashed black line) are shown.
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Gn
E from BLAST and to adjust the previously published

values. At low Q2, the uncertainty in Gn
M of ’ 1–2% is of

minor importance. The data from a variety of experiments
are consistent and remove the large model uncertainty of
previous Gn

E extractions from elastic electron-deuteron
scattering [23]. The new distribution is also in agreement
with Gn

E extracted from the deuteron quadrupole form
factor [24].

The distribution of all Gn
E data shown in Fig. 2 can be

parameterized as a function of Q2 based on the sum of two
dipoles,

P
iai=�1�Q

2=bi�2 (i � 1, 2), shown as the
BLAST fit in Fig. 2 (blue line) with a one-sigma error
band. WithGn

E�0� � 0 and the slope atQ2 � 0 constrained
by hr2

ni � ��0:1148
 0:0035� fm2 [9], one parameter
is fixed, resulting in a1 � �a2 � 0:095
 0:018, b1 �
2:77
 0:83, b2 � 0:339
 0:046, and cov�a1; b1� �
�0:014, cov�a1; b2� � 0:0008, cov�b1; b2� � �0:036
with Q2 in units of �GeV=c�2. The parameterization [25]
(magenta dash-dotted line) is based on the form intro-
duced in [21] with an additional bump structure around
0:2–0:4�GeV=c�2. Also shown are recent results based on
vector meson dominance (VMD) and dispersion relations
(red short-dashed [4] and green long-dashed lines [5]), and
the prediction of a light-front cloudy bag model with
relativistic constituent quarks [6] (cyan dotted line).

The new data from BLAST do not show a bump struc-
ture at low Q2 as previously suggested [21,25]. The
BLAST data are in excellent agreement with VMD based

models [4,5] and also agree with the meson-cloud cal-
culation [6]. The improved precision of the data at low
Q2 provides strong constraints on the theoretical under-
standing of the nucleon’s meson cloud.

We thank the staff of the MIT-Bates Linear Accelerator
Center for delivering high quality electron beam and for
their technical support, and A. Bernstein for suggesting the
form of the BLAST fit. This work has been supported in
part by the US Department of Energy and National Science
Foundation.
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FIG. 2 (color online). World data on Gn
E from double-

polarization experiments [8]. The data correspond to neutron
recoil polarization experiments with unpolarized 2H target
(open triangles) and experiments with polarized 2H (open
circles; solid red dots � this work) and 3He targets (open
squares). The data are shown with statistical (small error bars)
and with statistical and systematic errors added quadratically
(large error bars). The ‘‘BLAST fit’’ (blue solid line) is a
parameterization of all data displayed based on the sum of two
dipoles shown with a one-sigma error band. The recent parame-
terization [25] (magenta dash-dotted line) is based on the form
introduced in [21]. Also shown are recent results based on vector
meson dominance and dispersion relations (red short-dashed [4]
and green long-dashed lines [5]), and of a light-front cloudy bag
model with relativistic constituent quarks [6] (cyan dotted line).
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resulting yield in the various Q2 and pm bins could be
determined for the combinations of beam and deuterium
vector and tensor orientations (�1, �1 or 0, þ1 or −2) for
which data were collected. The charge normalized yields or
event rates could be combined to give the desired asym-
metries. For this Letter,

S0 ¼
1

6
½Rð1; 1; 1Þ þ Rð−1; 1; 1Þ

þ Rð1;−1; 1Þ þ Rð−1;−1; 1Þ
þ 2Rð1; 0;−2Þ þ 2Rð−1; 0;−2Þ�; ð2Þ

AV
ed ¼

1

4hPzS0
½Rð1; 1; 1Þ − Rð−1; 1; 1Þ

− Rð1;−1; 1Þ þ Rð−1;−1; 1Þ�; ð3Þ

AT
d ¼ 1

12PzzS0
½Rð1; 1; 1Þ þ Rð−1; 1; 1Þ

þ Rð1;−1; 1Þ þ Rð−1;−1; 1Þ
− 2Rð1; 0;−2Þ þ −2Rð−1; 0;−2Þ�; ð4Þ

where Rðh; Pz; PzzÞ is the charge normalized yield or event
rate for each spin orientation combination.
Radiative corrections to the asymmetries were calculated

using the MASCARAD code [16] and all found to be less than
1%. Thus, no corrections were applied to the asymmetries,
but a systematic uncertainty of �1% was included.
Background arose predominantly from beam collisions
with the target cell wall. Estimates for this rate were made
by acquiring data with and without gas in the target cell.
Background was subtracted on a bin-by-bin basis and
increased from a typical value of < 1% at low pm to of
order 10% at the highest pm.
The beam-vector asymmetries AV

ed for the runs with the
two target spin orientations are shown in Fig. 2. The data
are shown in same sector and opposing sector kinematics
as a function of the missing momentum pm for momentum

transfers 0.1 < Q2 < 0.5 ðGeV=cÞ2. The values of pm
extend up to about 500 MeV=c, and the data are compared
with theoretical calculations based on the model of
Arenhövel et al. [17]. The model was calculated for the
kinematics of the experiment folding in the detector
acceptances and efficiencies in a comprehensive GEANT

simulation. The curves shown in each plot correspond to a
plane-wave Born approximation (PWBA), which includes
the coupling to the neutron, a PWBA with FSI, and a full
calculation beyond PWBAþ FSI including the effects of
meson-exchange currents (MECs), isobar configurations
(ICs), and relativistic corrections (RCs). The two-bodywave
functions needed for the calculation of the observables are
based on the realistic Bonn potential [18], which is defined
in purely nucleonic space. The theoretical calculations were
found to be insensitive to the choice of different realistic
potentials (e.g., Reid [19], Paris [20], and Argonne V14 and
V18 [21]). The treatment of MECs, ICs, and RCs is done
consistently according to Refs. [17,22].
At the pm ¼ 0 limit, the opposing sector asymmetries are

directly proportional to the product hPz, a key parameter
that has been determined with better than 1% absolute
accuracy. The target vector polarization Pz is directly
related to the polarization P of the proton or neutron
bound in the deuteron such that [23]

P ¼
ffiffiffi

2

3

r

Pz

�

PS −
1

2
PD

�

; ð5Þ

where PS and PD are the S- and D-state probabilities of the
deuteron, respectively. This illustrates the fact that the
polarization of a nucleon in theD state is opposite to that of
a nucleon in the S state, as expected from angular
momentum considerations for a Jπ ¼ 1þ system like the
deuteron. The present results for the AV

ed asymmetries show
for the first time the evolution going from the S state to the
D state in momentum space. The AV

ed are constant up to
about pm ¼ 150 MeV=c, which is consistent with an S
state; then as pm increases, the presence of the D state
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FIG. 2. Beam-vector asymmetries AV
ed for 0.1 < Q2 < 0.5 ðGeV=cÞ2 vs pm. Panels (a) and (c) refer to same sector kinematics for

target spin angles ≈31° and ≈47°. Panels (b) and (d) refer to opposing sector kinematics for the same target spin angles.
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lowers the proton polarization in the deuteron until it
changes sign when PD ≥ 2PS.
Figure 2 shows that the experimental asymmetriesAV

ed are
in good agreement with the full theoretical calculations over
a wide range ofQ2 and pm. The only previous measurement
of AV

ed was carried out in perpendicular kinematics at
NIKHEF [7] up to pm of about 300 MeV=c, although with
limited statical precision after 200 MeV=c. The BLAST
data in the region ofpm around 200 MeV=c, where theS and
D states strongly interfere, are verywell described by the full
theoretical calculation in contrast to the claim in Ref, [7]
where the data suggested an underestimation by the theory.
TheAV

ed asymmetries directly relate to the deuteronmomen-
tum distribution for the Md ¼ �1 spin states. It has been
pointed out [24] that theMd ¼ 1momentumdistribution has
a zero around 300 MeV=c, which in a simple picture can be
related to the dimensions of the toroidal shape of the density
distribution. The Fourier transform of the deuteron density
calculated in the model of Ref. [24] yields a zero at
320 MeV=c for the Md ¼ 1 momentum distribution [15],
which is where the AV

ed asymmetries in Fig. 2 have their zero
crossings. This zero crossing was also predicted by
Jeschonnek and Donnelly [25] using an improved treatment
of the nonrelativistic reduction of the electromagnetic
current operator.
Figure 3 shows the tensor analyzing powers AT

d as a
function of pm for the same kinematics and target spin
orientations as that of Fig. 2 and compared also with the
same theoretical model folded with the detector accep-
tances and efficiencies. Just as for AV

ed, the only previous
measurement of AT

d was carried out in parallel kinematics at
NIKHEF [6] up to pm of only 150 MeV=c with limited
statistics. The BLAST AT

d data extend up to pm ¼
500 MeV=c and for the first time into the region where
the D state dominates over the S state. As expected, where
the S state dominates, the AT

d are small and well described
by the theoretical calculations, including the simple
PWBA. Beyond about pm ¼ 150 MeV=c, AT

d grows,
indicating the effect of the tensor polarization. The

PWBA calculations show that the sign is different for
the AT

d in same sector and opposing sector kinematics.
As shown in Fig. 3, in contrast to the vector asymmetries

AV
ed, the tensor asymmetries AT

d are significantly modified
by the effects of the FSI for pm ≥ 150 MeV=c. In same
sector kinematics, the effects of FSI bring the AT

d calcu-
lations into reasonable agreement with the present data. In
opposing sector kinematics, the effects of the FSI are also
sizable but not sufficient to agree with the data; the effects
of MECs and ICs contribute equally after FSI to produce
the full calculations of Fig. 3. The kinematic reach of the
BLAST data is such that the proton-neutron interaction is
sampled via the FSI over a large spatial range: from short
distances, where the nucleons are expected to overlap, to
long distances where the interaction is dominated by one-
pion-exchange. The AT

d data at pm ≥ 250 MeV=c are
particularly sensitive to the tensor part of the interaction
at short distances, where it has significant model depend-
ence [24]. It is to be noted that the theoretical model used
here works well, given that it is mainly based on nucleon
degrees of freedom.
We presented data for the vector AV

ed and tensor
AT
d spin asymmetries from the deuteron for 0.1 < Q2 <

0.5 ðGeV=cÞ2. The asymmetries were mapped out for
quasielastic kinematics ðe⃗; e0pÞ over a range of pm up to
∼500 MeV=c. The data were taken using an internal
deuterium gas target polarized in both vector and tensor
spin states that minimized systematic errors. This was done
simultaneously with precise measurements of the elastic
[12] and the ðe; e0nÞ [11] channels that also permitted
measurements of Pzz and Pz. The new data are in good
agreement with theoretical calculations and provide a
strong constraint on our understanding of deuteron struc-
ture and the tensor force between a neutron and a proton.
The D-state contribution is clearly evident in both asym-
metries as pm increases and highlights the importance of
measurements at large pm. The tensor asymmetries with
same and opposing sector kinematics probe the proton-
neutron interaction over a large spatial range. These results
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FIG. 3. Tensor asymmetries AT
d for 0.1 < Q2 < 0.5 ðGeV=cÞ2 vs pm. Panels (a) and (c) refer to same sector kinematics for target spin

angles ≈32° and ≈47°. Panels (b) and (d) refer to opposing sector kinematics for the same target spin angles.
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Conclusions

• O wondrous ABS!

• Groundbreaking vector/tensor deuteron work at NIKHEF ...

• ... which was inherited by & bore more fruit at MIT–Bates

• BLAST: lots of stuff on tape & not analyzed

• Good polarimetry is essential
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