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A measurement of the-3He coherent scattering length using neutron interferometry is reported. The resuilt,
b.=(5.8572+0.0072fm, improves the measured precision of any single measuremeny loy a factor of
eight; the previous world average,=(5.74+0.04 fm, now become$.=(5.853+0.007 fm. Measurements of
the n-p, n-d, andn-2He coherent scattering lengths have now been performed using the same technique, thus
allowing one to extract the scattering length ratios: parameters that minimize systematic errors. We obtain
values 0fbp3ye/ bpp=(-1.5668+0.002Land b4/ b,,=(-1.7828£0.001% Using the new world average value
of b, and recent high-precision spin-dependent scattering length data also determined by neutron optical
techniques, we extract new values for the bound singlet and triple scattering lengthls, of
=(9.949+0.027 fm and b;=(4.488+0.017 fm for the n-*He system. The free nuclear singlet and triplet
scattering lengths ar&,=(7.456+0.020 fm anda;=(3.363+0.013 fm. The coherent scattering cross section
is 0,=(4.305+0.007 b and the total scattering cross sectiomris (5.837+0.014 b. Comparisons odiy anda;
to the only existing high-precision theoretical predictions for nki#He system, calculated using a resonating
group technique with nucleon-nucleon potentials incorporating three-nucleon forces, have been performed.
Neutron scattering length measurements in few-body systems are now sensitive enough to probe small effects
not yet adequately treated in present theoretical models.
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[. INTRODUCTION ticular case, there is a recent high-precision measurement
[14] of the incoherent scattering length using the technique
Over the last few years a combination of computationalintroduced by Abraganet al. [15] of nuclear pseudomag-
and theoretical advances has led to a qualitative improveletic precession of polarized neutrons in a polarized target.
ment in calculations of the properties of few-nucleon sys-We are therefore able to extract new high-precision values of
tems starting from the extensive data on the nucleon-nuclec€ separate scattering lengths in bBtave channels of the
(NN) interaction[1-9]. The most precise data available to N-"He system. Again, a comparison with the most accurate
compare to these new calculations are few-nucleon bindin vailable calculation for this system shows significant differ-
energies and energy levels, which in most cases are e nces between theory and experiment. Taken together, these
tremely well known. These calculations should also be abléesu”S suggest that neutron scattering length measurements

: : are now sensitive to effects in nuclear few-body systems
to accurately predict the low-energy scattering observableguch as three-nucleon forces and charge symmetry
such as theSwave scattering lengths in the various few- breaking—effects that are still poorly understood.
nucleon systems.

terf . hods f ina th h Yet another motivation for increased precision in neutron
Neutron interferometric methods for measuring the coherg aering length measurements stems from the recent devel-

ent scattering length, which is the linear combination of scatysment of effective field theorie¢EFT) for low-energy
tering lengths that gives rise to the optical potential of anyclear systems. EFTs have engendered renewed optimism
neutron in a medium, have now reached precisions bettefnd excitement that a description of nuclear forces and few-
than 10 in certain nuclei(10]. This precision is now high nucleon systems may soon be achieved that is both concep-
enough to severely test the models if the measurements afgally and quantitatively accurate. Effective field theories
conducted in few-body systems. We have recently reported geparate nuclear interactions into two energy regimes; those
very precise measurement of the bound cohemeshscatter-  above and those below some physically meaningful energy
ing length[11,12. New calculations of the1-d scattering threshold, i.e., the pion mass. Below threshold, all possible
lengths utilizing moderrNN potentials have also recently diagrams consistent with the symmetries of the system are
been reported13]. These measurements, combined with theexplicitly calculated in a perturbative scheme in which
new calculations, reveal that all modeXN potential mod-  higher-order terms are suppressed by factors of the ratios of
els, with and without three-nucleon forces, and with andow excitation energies to the higher scale. Contributions
without electromagnetic interactions, fail to reproduce thefrom higher-energy processes are parametrized by a short-
experimental bound coherentd scattering length. range, mean-field potential whose strength in a given channel
In this article, we report a measurement of the bounds fixed by experimentally determined low-energy constants
coherent scattering length in tie®He system. In this par- that are sensitive to the channel in question. As each new
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order of low-energy diagrams is considered, increased de- The phase shift measured in neutron interferometry is pro-
scriptive power is obtained and new interaction mechanismportional to the real part of th&wave coherent scattering
appear. Each additional order requires another low-energgmplitude in the medium. It is important to be precise about
observable to constrain the mean-field behavior. The princithe definition of this scattering amplitude in our case because
pal virtue of the EFT approach is the theoretical coherence ithe large absorption cross section fite gives rise to an
imposes on the study of low-energy systems. The completenaginary part to the scattering amplitude that cannot be
physics appropriate to any order of calculation is inherent toneglected in the expression for the phase shift. Here we
the method, at least as rigorously implemented. In principlebriefly review the origin of this relatiofil7].

model dependence is reduced to the choice of the threshold In nonrelativistic potential scattering, the wave function at

and the number of orders calculated. large distances from the scattering center takes the form
Tactically, the EFT paradigm implies a new interdepen- ) ikr

dence and interactivity between theory and experiment, both e gkt 4 e_f(a), (4)

in constructing the calculation and in analyzing the result. r

Because each order of calculation requires as input the accu- - o ) i

rate determination of an additional low-energy parameter, thi/herek is the incident wave vector arfdé) is the scattering
success of this technique relies critically on high precisiorf"‘”?p“_wde- Letn=n +i7 be the(compley Swave phase
measurements of low-energy observables such as bindirﬂ“ft in the partial wave expansion fpr the scattering ampli-
and excitation energies and scattering lengths. In the case 8fde- In terms of th&wave phase shift, one can express the
the n-d system, for example, a scattering length is known toScattering .amphtude and the scattering, absorption, and total
fix the lowest-order constant in an EFT approdth]. From  Cross sections as

an EFT point of view, we expect that our measurement in the 1 .

n-3He system will provide the same essential input to future f(6) = fk(ez”’— 1), (5)
EFT calculations of the four-nucleon system that tie 2

measurement already provides for the three-nucléiv)

2
system. os= k_72T 27 cosh 2y, - cos 2], (6)

II. NEUTRON OPTICS THEORY

The neutron and théHe nucleus are both spin 1/2 ob- ga=2—727 ~27isinh 27, (7)
jects that form total spin singldiS=0) and spin triplet(S k
=1) scattering states. The coherent scattering length is pro-
portional to the part of the scattering amplitude of the system o o= 27 -2
that leaves the quantum mechanical state of the target un- 1= 0T T2 (1~ cos &) ®

changed and is therefore connected to the optical potential of . .

the neutron in the medium. F&wave scattering appropriate As can be seenz, the expression drobeys the optical theo-
at the very low(few-meV) neutron energies used in our mea- rem. Since 2/k :.1'23 10° for the neutron wavelength of
surement, the relation between the nuclear coherent scattdr=9-27 nm used in th'i’ work, and,=1x 10'b, theSwav_e
ing lengtha. and the scattering lengths in the singlet andPhase shift Z~1x10"<1. Therefore, the wave function

triplet channelsa, anda;, respectively, is given by for Swave scattering takes the form

a.= a0+ Jay. (1) 1//:k—77r+1+---:a7"1+a0+--- (9)
The bound coherent scattering lengty, is related to the o 4
free nuclear scattering length,, by in ther—0 limit to 1 X 10" accuracy. o _

Now when one solves the Schrodinger equation in a solid
my, + Maye by assuming a solution of the form
be=———"a, ) e
e = XM (10)

wherem, is the neutron mass amb,, is the mass of théHe

for the coherent wave in the medium, the small range of the

atom. _ , , _ neutron-nucleus potential relative to the atomic spacings
The bound coherent scattering length is one particular linpyeans that the source term in the inhomogeneous differential

ear combination of the triplet and singlet scattering Iengthsequ(,mon is dominated by tite— 0 singularity of the spheri-

Knowledge of some other combination, in particular thecy| waves emitted from all the scattering centers in the solid:
bound incoherent scattering lendth given by

3 (V2+ IO () = - dmay 2 ¥ T8(F=F).  (11)
N
b = Z(bl_ bo), (3 "

Upon expandingy(r) in a Fourier series and concentrating
allows one to independently extract the singlet and tripleon solutions appropriate to a uniform medium for which the
bound scattering length, and b;, and hence the free in-medium wave vectok’ is close to the incident wave vec-

nuclear scattering lengtle anda,. tor k, one gets the following relation between the dominant
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term in the Fourier expansion, proportional 40;, and the
plane-wave ternuy:

(%) _ 4’7TN

a_y (k/2_ k2) ! (12)
whereN is the number density in the medium. This ratio for
an incident plane wave of unit amplitudg=1 is the(com- R
plex) coherent scattering amplitude. Using the definition )
of the index of refractioik’ =nk, also complex in general, we
obtain the(comple® phase shift L7

#=k(1-n)D=-\NDh,, (13)

cell out

where D is the thickness of the sample. Alternatively, one
can express the phase shift in terms gEampley index of
refraction as follows:

3He detectors

N m———— .
n?-1= E[mms— k202 +iko,]. (14) FIG. 1. A schematic view of the Si perfect crystal neutron in-
terferometer. Parameters associated with the neutron optics are dis-

Therefore, the real part of the phase shifis directly pro- ~ cussed in the text.

portional to the real part of the coherent scattering amplitude

b, for Swave scattering to 10 accuracy even in a nucleus absolute accuracy, the neutron optical phase ghifhe atom

such as’He with a strong absorption cross section. It is cleardensity, the sample thickness, and the neutron wavelength

that this approximation will break down in the presence of amust each be measured to a precision of at least 0.04%.

scattering resonance, since in this case the phase shift is no A secondary sampling method is used to measure the

longer small and the approximate expression for the scattephase shifp due to the gas sample. This is accomplished by

ing amplitude in terms of the phase shift is no longer valid.positioning a rotatable quartz phase shifter across the two
beams as shown in Fig. 1. The intensities of the beams that

arrive at the two®He detectors are a function of the phase
I1l. EXPERIMENTAL PROCEDURE AND RESULTS shifter ang|e§ and are given by

Our measurement db. for the n-He system was per- = A+ +d+
formed at the National Institute of Standards and Technology '0(3)= Ao+ B COSCHE + ¢+ el
(NIST) Center for Neutron Resear¢(NCNR) Interferometer _
and Optics Facility[18]. This facility consists of a perfect 1(8) = Ay + B COSCH(0) + b+ dhoeur + 7). (16)
silicon crystal neutron interferometer, shown schematicallyThe values ofAs, Ay, B, andC are extracted from fits to the
in Fig. 1. A cold monochromatic neutron bearfE  data. The functiorf(8) depends on the Bragg anglg and is
=11.1 meV,A=0.271 nm,AN/A<0.5%) enters the facility a measure of the neutron optical path length difference be-
and is coherently divided via Bragg diffraction into two tween the beams induced by the phase shifter and is given by
beams that travel along paths | and Il. These beams are again _ _
diffracted and then coherently recombined. A detailed de- £(8) = sin(fg)sin(é = &)
scription of the facility, experimental arrangement, and pro- coZ(fg) — sir(6-6)
cedures for the determination of neutron coherent scattering ) , . .

The He gas is housed in a cell specifically designed to

lengths can be found in Refl1]. L ; .
The bound coherent scattering length, can be deter- Minimize the phase S3h'f¢ce” due to the aluminum walls of
mined using neutron interferometric techniques. It is directlyNe Cell (see Fig. 1 *He gas(99.999% chemically pure,
29-99% isotopically purg21,22) at a pressure of 3.380

proportional to the neutron optical potential that gives rise t F : _ X
the phase shift between the two arms of the interferometer’ 10° Pa(3.34 atm was introduced into path I, while keep-

This phase shift is given by ing the chamber in path Il evacuated. The phase shifts arising
from the presence of théHe gas and celldgas and éeep)

¢ =—ANDg¢be, (15 were determined by collectirg 10° interferogram pairs with

the cell positioned both within the interferometer and re-

where\ is the neutron wavelengthN is the atomic number :
. ) ; e moved from the beam paths. The phase difference between
density, and.+; is the effective(geometrig thickness of the . ! :
) ; ; cell-in /cell-out sets of interferograms is extracted for each
sample[19]. Corrections to this relation between the phase

shift and the optical potential are small compared to prespa'r' with a typical set shown in Fig. 2. This procedure was

. ; o repeated with both chambers evacuated to determine the
ently achievable accuraci¢£9,2q. To measure, to 0.1% phase shift arising from the difference in aluminum wall

thickness between the two chambers of the target cell. The
The derivation performed in Ref17] is in a solid and thus cell phase shift ¢.; was determined to bedg
b.=a. =(-1.379£0.00%ad.

17
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FIG. 2. A typical pair of interferograms witHe present in the FIG. 3. Measurements of the coherent scattering lebgfpiot-

cell. The oscillations arise from the change in path lengths createlfd 0N @ run-by-run basis. Each data point represents approximately
as the phase shifter is rotateske Fig. 1. Data are shown for both 42 min of data. The solid line is the weighted average of the data,

b.=(5.8572+0.007%m. The estimated uncertainty for one of the

the cell in and out of the interferometer. : -
data points is shown.

The atom density was determined using the ideal gas law

with virial coefficient corrections up to the third pressure ¢, thermal expansion and contraction due to temperature
coefﬂglen_ti VaIues_ for these %C’Gﬁjg'zems aBp=4.797  fyctuation for each individual run. The change in thickness
x 10 Pa* andCp=-1.129< 10" Pa* and are obtained ¢ the cell due to the gas pressure is negligitie.and Ay
from Refs.[23,24. Note that the correction fo€p has N0 \yere measured independently and both were set such that
effect on the final result. The absolute temperature was cofpeir values are consistent with zero. The upper bounds for
tinuously monitored using two calibrated 10D platinum i A andAy are 2 mrad, which gives a negligible change
thermometers that have an absolute accuracy of 0.023% & the thickness.
300 K. The pressure was continuously monitored using & The value of the bound coherent scattering length was
calibrated silicon pressure transducer capable of measuring,|culated for each data set on a run-by-run basis and is
the absolute pressure to better than 0.01%. The wavelenglhown in Fig. 3. These values are combined using a weighted
of neutrons traversing the interferometer was measured UsiNderage to obtait,=(5.8572+0.007%m. A more detailed
. ; . .= (5. +0. .

a pyrolytic graphite(PG 003 crystal. This analyzer crystal, yoaiment of the statistical uncertainties associated with inter-
calibrated separately against a Si crystal, was placed in the B,oneric scattering length measurements is also given in
beam of the interferometer and rotated such that both thgef_ [11]. Table | summarizes the parameters and relative
symmetric and antisymmetric Bragg reflections were detery,, .o qainties of all parameters used to exttactThe upper
mlngd. Using this technique, the mean wavelength was d§jyit on the uncertainty arising from the manufacturer’s
termined to k_)g)\:(o.27120710.000005m: In a separate gi4iaq impurities in théHe (including *He) is 4x 1075,
test, the stability of the wavelength over time was shown tqq,ghly two orders of magnitude smaller than the statistical
be 0.001%. More details on the measurement techniques arﬂf?\certainty.
systematic uncertainties involved in the determination of the
neutron wavelength, atom density, temperature, and cell
thickness, which were identical to those used in our previous 1| g |. parameters and relative uncertainties required to de-
measurements of thep andn-d coherent scattering lengths, termine the scattering length. The values given for the temperature,
can be found in Ref11]. - Eressure, and atom density represent the average values during data

_The cell's effective thlckness depen_ds on the true .ceI ollection. Corrections for variations in these parameters are made
thicknessD, and the horizontal and vertical tilt angles with on a run-by-run basis. The uncertainty in our coherent scattering
respect to the neutron beam directiake and Ay, respec- length measurement is dominated by the statistical uncertainty in

tively, according to the phase shift difference.
Dy .
Deff= ——————. (18) Parameter Value Relative
COSAe COSAy

. _ ¢ 2.69 rad 6.6< 107
The thickness of the gas cel,, was measured using the 0.271207 nm 2 &10°5
NIST Precision Engineering Division Coordinate Measuring ' . R
Machine[25] and determined to b@.0016+0.0001cm and Temperature 3 ggng;% PC 1 2(6154

is uniform at the 0.01% level. The thickness was corrected "eS5Ur® ’ a '
N 8.250% 10'° cm3 3.5x107*
Do 1.0016 cm 1.x10*

2The value forCp was taken fronfHe data.
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FIG. 4. Measured values of thiele neutron coherent scattering  FIG. 5. Comparison of the experimental and theoretical deter-
length including the present measuremg&-3(. The dashed line  minations of the free-atom singlet scattering lenaghThe theoret-
denotes the weighted average of all measuremerts, jcal values were calculated using the AV18+UIX and AV18

=(5.853+0.007fm. +UIX+ Vj potential model§32]. Note that the experimental uncer-
tainty on the He binding energy is negligibly smalEy;,q=
IV. DISCUSSION AND FUTURE DIRECTIONS —7.718109+0.000010 MeV36].

Our value represents a factor of eight improvement in :
precision over any single previous measuremert,obJsing by = (4.488 £ 0.01)fm.

the values published in Reff26-3Q, we obtain a value of ysing the recommended values for the atoftie mass and

b.=(5.74+0.04fm for the previous world average. OUr peutron mas$31] and Eq.(2), the free nuclear singlet and
value is larger than the previous world average by roughlytriplet scattering lengths are then
three standard deviatiorisee Fig. 4, thus shifting the value

for the present world average t=(5.853+0.00Ffm and ap=(7.456 + 0.020fm,
improving the precision by a factor of six.
Measurements of the-p [11], n-d [11,13, and n-He a; =(3.363+0.01%m.

coherent scattering lengths have now been performed in e note that the uncertainty in these values is primarily due
identical manner using the same apparatesll, neutron L y P y
to the uncertainty irb;.

wavelength analyzer, and pressure and temperature moni- The coherent scattering cross section
tors). The reported values arg,,=(-3.7384+0.002fim 9
[11], bng=(6.6649+0.004fm [11,12, and Dbysye 0= 4mh? = (4.305 % 0.007D, (19
=(5.8572+0.007%m (this resulj. One can take the ratio of ) ) _
any two of these values to minimize any systematic effectVhich, when added to the Zimmet al. result for the inco-
that in principle could still remain. Although this ratio will Nerent scattering cross section, namely (1.532+0.012b
possess additional statistical uncertainties, it will be indepenk14l, gives a new value for the scattering cross section,
dent of any unknown systematic uncertainty to first order. _ _
Using by, as the reference, we obtain 0= 0c+ 0= (5.837+0.01%. (20
Hofmann and Hale have recently published new calcula-
Br3pe/Dnp = (= 1.5668 + 0.002)L tions of the spin-dependemi-3He scattering lengths using
the resonating group method and a variety of modéxrand
Bn/byp= (= 1.7828 £ 0.0014 3N potentials[32]. Comparisons of the experimental free
guclear singlet and triplet scattering lengths with theoretical
alculations of these parameters were performed using the
rgonnev,g (AV18) [33] NN potential with the Urbana IX
(UIX) [8] andV*3 [34,39 three-nucleon forces. The results of
these calculations are shown in Figs. 5 and 6 alongside the
experimental data.

One can also extract considerably improved values for th
real parts of the singlet and triplet neutron scattering length
using the improved value di.. In a recent experiment, the
value for then-*He bound incoherent scattering length,
=(-2.365+0.020fm, was determined using nuclear pseudo-

magnetic precession in a polarizéHe target placed in a ;
neutron spin echo spectrometdd]. This value represents The d|screpanc'y between the calculated 'an_d the extremely
well-known experimental value of théHe binding energy

an impressive improvement of a factor of 30 over previous :
measurements. Combining the new valuéofith the new can be understood by noting that the numbed®thannels

world average ofb, one obtains considerably improved val- It?z:clzligsli ITntg%dcizlc?#Iattr:(()antr?;:f:--ggljted (;Teﬁ:i(ja.(?é Los;]jaikne tlrt1e
ues for the singlet and triplet bound scattering lengths: i ’ y P

calculation were parameterized in terms of Gaussians, which
by =(9.949 £ 0.02Ffm, seems to have induced a small shift in the calculated binding
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338 ¢ T T T TABLE Il. Comparison of the calculated and experimental val-
i ues of the coherent scattering lendthand the incoherent scatter-
337F ] . . .
: Expt. ing lengthb;. The four potentlgl_model _caI_CL_llatlon§ are taken from
336 F 3 Ref.[32] and formed by combining the individual singlet and triplet
: scattering lengths using ElL) or (3). No single theory agrees with
= 335E E both b, andb;. The experimental values are taken from this work
E sk 3 and Ref.[14].
S L
333 7 Potential be(fm) b;(fm)
332k AVI8 + UIX R AV18 6.050+0.002 ~2.509+0.003
331 - ® <>3 ] AV18+UIX 5.859+0.001 -2.495+0.001
33 ] . , . AV18+UIX+V, 5.859+0.001 -2.497+0.001
-7.720 -1.716 1712 -7.708 -7.704 R matrix 5.757+0.006 -2.377+0.004
3He Binding Energy (MeV) Experiment 5.857+0.007 -2.365+0.020

FIG. 6. Comparison of the experimental and theoretical deter-
minations of the free-atom triplet scattering length The theoret-  n-3He absorption cross section. A better measurement of this
ical values were calculated using the AV18+UIX and AV18 ratio, currently known to=1% [37,3§, could be immedi-
+UIX+Vj potential model§32]. ately combined with the Zimmegt al. measurement to im-
prove the accuracy df; by as much as a factor of three. In
energies.(For further details on the calculations, see Refs.addition, a new measurement currently being planned at
[32,35.) It is clear however that the theoretical predictions NIST to directly measure the spin-dependastHe scatter-
from even these impressive, state-of-the-art calculations ughg lengths is independent of this ratj@9]. Dramatically
ing resonating group techniques still lie outside the range ofeduced uncertainties fa, and a; in n-*He are therefore
experimental uncertainties for th#de binding energy and possible.
the singlet and triplet scattering lengths. The fact that three precisely measured neutron scattering
One can also directly compare the experimental measuréengths in few-body systems are now all in disagreement
ments ofb, andb; with the combined values of the theoreti- with the best current theories is intriguing. These results may
cally calculated singlet and triplet scattering lengths. Thigmply that high-precision low-energy neutron scattering
comparison is shown in Table II. lengths now possess more sensitivity than nuclear binding
The theoretical calculations using the AV18+UIX and energies and energy levels to small effects such as nuclear
AV18+UIX+ V; potentials agree quite well with the mea- three-body forces, charge symmetry breaking, and residual
sured value ob, but fail to reproducey;. This disagreement electromagnetic effects not yet fully included in current mod-
is not entirely surprising. It has been shown that modékh  €ls. We also note that it would be possible to perform high
potentials, even with I8 forces adjusted to match thitde  precision coherent neutron scattering length measurements in
binding energy, disagree with the-d coherent scattering other few-body systems. In particular, our techniques could
length[11-13. (We note that the AV18+UIX¥; potential ~ be extended to perform high precision coherent scattering
model has not been tested in this wa@iven this existing length measurements im®H andn-*He. Although the more
disagreement in tha-d system, one is not too surprised to interestingn-3H measurement possesses experimental diffi-
see disagreement at comparable precision in the much mogéllties due to the radioactive nature of the targefHe
complicatedn-3He system. It would be interesting to com- could easily be performed. There is also a separate proposal
pare exact four-body calculations of the®He scattering to perform a high precision measurementhpfin the n-d
lengths using modern potentials. As noted in the Introducsystem[40]. We encourage theorists in the field to consider
tion, the greatest potential utility of these measurements maicluding the calculation of neutron scattering lengths along
come from their use in future EFT-based calculations of obWwith binding energies and energy levels in nuclear few body
servables in the four-nucleon system. systems and make predictions that can be tested by new pre-
It is also interesting to consider how the experimentalCision experiments.
determinations of the-*He scattering lengths can be further
improved. Our measurement of the coherent scattering
length is dominated by statistical uncertainties in the mea- We would like to thank the NIST Center for Neutron Re-
surement of the phase shifts and consequently there is st#learch for use of the neutron facilities during this experi-
room for improvement. In the case of the incoherent scatternent. This work was supported in part by the U.S. Depart-
ing length determination from pseudomagnetic precessioment of Commerce and the National Science Foundation
performed by Zimmeret al. [14], the accuracy is unfortu- under Grant Nos. PHY-9603559 at the University of Mis-
nately limited by the poor experimental knowledge of thesouri, PHY-9602872 at Indiana University, and PHY-
relative contributions of singlet and triplet channels to the0245679 at the University of North Carolina at Wilmington.
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