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Abstract. The elect ric di pole moment of the neutron, leptons, and atoms provide a uni ue 
\vin -low to P hysics Beyond the Standard !\lodel. We are currently developing a new neutron 
ED ! experiment (the nEDM Experiment) [4]. T his e" periment , which will be run at t he 8. A 
Neutron Line at the Fundament al Neutron Physics Beamline (FNPB) at t he Spallation eut ron 
Source (SNS ) at t he Oak Ridge "ational Laboratory, will sear h for t h neutron EDt l wi th a 
sensit ivi ty two orders of magnitude higher than the present limit. I n this paper, the moti vat ion 
for the xperiment, the experimental method, and the p resent status of the xp riment are 
discussed. 

1. Introduction 
A nonzero permanent elect ric dipole moment (ED 1) of a nondegenerate state of a system wit h 
spin J ¥- 0 violates the invariance w ldcr t ime reversal as well as the invariance und r parity 
operation. The violation of ime reversal invariance implies a violation of il variance under C P 
opration (combined operations of p. rity and charge conjugation) t hrough the CPT theorem. 

Within the st.andard model (SM), in th lectroweak sector C P symmetry is b rok n by the 
olllplex phase (5KM ) in the CKM quark mixing mat. ix (the K 1 mechanism). To at, in 

laboratory measurements C P violation has only been obs rved in 1( and B meson decay~ and 
t he S~I de~cription of the C P violation agrees with all the laboratory measurements to date. 
However, the que:::; t ion remains whet her or not there are additional sources of cr violation 
from new physics. Indeed, almost - n extensions ( f the SIvr imply t hat there are su h additional 
SOlJrcE;'s. ~t[oreover , C P violation is one of he necessary cond itions for the matter-antimatter 
asymmetry ohsl=>rved in the Universe, and the s~r and its description of CP viola tion fail t.o 
a ommodale the obs rved asymmetry. This dis 'l' pancy suggests that there be additional 
sources of C P violat ion beyond that in the S 1. 

The current efforts to search for an elect ric d ipole moment (EDIvI) of the n utron are 
motivated by the following two observa tions. which make the neutron EDM (as well ru:; the 
EDJ\lI of other part icles) an ideal p lace 0 search for new sources of cr violation: 

(i) In the KNI mechanisill 1 C P violation only occurs in quark flavor changing processes to 
he lowest order. Therefore, the EDM due to this SIvI source of C P viulation i:::; small; 

calculations predict it to be .dn I rv 10-:32 - 10- :31 e· cm , several orders of magnitude smalle r 
than the s nsitivity possihle with any experiment being considered at present. 

(ii ) .Most. extensions of the SrvI naturally produce larger ED~ls because of addit ional CP 
violating phases associated with additional particles introduced in the model. 

1 For t he nEOM Colla.boration 



Furthermore, the S:NI has another source of C P violation. This is a term ill the QeD 
L' grangian, the 80- 'alled e term, 

r - r (}g; C C- I-W 
LQCD - LQCD, f}= O + 32n2 /U/ , (1 ) 

which explicitly violates CP syrnmetry because of the appearan 'e of t he product of the gluonic 
field operator G and its d ual C. Sinc G couples to quarks bu t uoes not induce fl avor hange, dn 

is mllch more sensit ive to e than it is to 5K~1" Thus measurement of dTl determines an important 
paralueter of the S"Nr. Cal nlations have shown that dn rv O (l O- 16e) e·cm [1]. The observed limit 
on dn [2] provicif' a limit e < 0 (1 0-10). A similar Unli t can be obtained from the observed limit 
on the ED11 of th 199Hg atom [:3]. On the other hand, the na t.ural scale suggests rather that 
it rv O( 1). The puzzle f why the valuE, for e is so small is all d the st rong C P prol lem. Pec 'ei 
and Quinn proposed a solution to this problem, in which the strong C P hi a conserved quantity. 
This solution: however, predicts tht> existellce of alight pseudoscalar , called the arion. No axiom; 
have yet b een observed de~pi te extensive searchf's. It is imp ortant to establish experimentally 
if () has a very small but fini te value or () is zero in order to shed a light on this problem, 

The current upper limit on t he neu tron EDNI dn comes from a measurement performed at 
Institu Lane Langevin (ILL) [2] and is Idnl < 2.9 x 10- 26 e el l (90% C.L. ). Wi th many theories 
p reeli t in g values lyi g within the six orders- f-magnitude window between t h current limi t and 
the value allowed by the SM. nentron EDlVI experirnen s that explore t he next two orders of 
magnitude would m ake a significant cont ribution to th(-. search for new physics hat complements 
the jnformation to 1>e gained from the Large Hadron Collider (LHC). 

Vve are currently developing a new neutron ED11f experiment (the nED:Nl Experiment) [4]. 
This exp riment, which will he run a t the 8.9 A Neutron Line at the Fnndamental Neutron 
Physics Beamline (F PB) at the Spallation N ,utron Source (SNS) a t the Oak Ridge National 
Laboratory, will s a rch for th n utron EDivr with a sensitivity two oruen; of magnitude higher 
than the pretient limit . This will r sult in eith r a discovery of a non-zero EDrvI or an improved 
limit by two ord rs of magnitude. A non-zero EDi\lI will be a lear signal of phY:'ics beyond 
the S1'1 ) while a two-orcler- f-magnitude improvement on the limi will p rovide a significant 
challenge t many of the modeb of extensions of the SM. 

2. Exper imental Met hod 
2.1. Overview 
In th pre ' ence of a nonzero EDNl, ther is an interaction between the EDl\I[ and a static electric 
field that is analogolls to the interaction b _ tween the magnetic moment and a stati magnetic 
field . The Hamiltonian is 

H = -( {Ln' B + dn . E ), (2) 

where B and E are the applied static mao'netic and electric fields, {Ln is the magnetic llloment , 
and d n is the ED~I of th ·' lleutron. T he dn . E interaction causes the neutron spin to precess 
when a neutron is placed in a static el ctri' fi Id, just lik the /-In . B interaction d es when the 
neutron is subject to a stat ic magnet ic field. Therefore , the ED:NI can be measured by looking 
for the change in spill precession frequency of the neutron associa ted ith a reversal of E reI t iv 
to B . ~Iore specifically the value of t he EDrv[ is given by 

d _ h6.v 
n - 4E ' (3) 

where h i:-; the P lank constc nt, 6.1/ is the change in t he precession frequency associated with a 
r versal of E relative to B , and E is t h str ngLh of the applied static ele't.ric field. 



In a typical experimental arrangement , a sample of polarized neutrons is introduced into a 
volume where uniform magnetic and electric fi Ids are applied, and the n utrons are le t precess 
for a certain amount of t ime. In such xperiments based on spin precession measurements. the 
statistical uncertainty (8dTJ is ultim tely given by th , uncertainty principle and is [5] 

Sd _ __ n-== 
n - 2ETvmN ' 

(4) 

wher T is the time for which the neutron spin is let precess, and m rep res nts th ~ number of 
s parate complete measurements of th N neutrons. 

For experiments in which stor d ultracold neutrons (UCKs)2 are us d ,:1 where N neutrOl1ti 
are stored for a time T.store, in a given total time t the number of measur ments m is inversely 
proportional to the storage time Tstm' em r'J tiT ). T herefore, 

(5) 

It is t herefore obvious that in desio'ning an EDNI experiment, it is important to maXlllllZe 
E , N,and Tstore, In the most recent ILL experiment [2], E = 10 kV, T~tore = 130 s, and 
A = 1.4 X 104 , 

In the nED11 Expf'rirnent we intend to achieve a two orders of magnitude in sensitivity by 
adopting the method proposed by Golub and Lamoreaux [8], which is qualitat ively different from 
the method;:; adopted in previous experiments (for t he history of neutron ED11 experiments, see 
for example Ref. [5] ). T he overall strategy can be summar ized as follows: 

• The experiment b performed in a bath of superfluid '*He. 

• UeNs are produced locally in the mea urement cells via the downscattering of 8.9 A cold 
neu rons ill the superfiui helium (superthermal process). 

• A dilu te admixture of polarized 3He atoms is introd u 'ed in the bath of superftuid '-iRe and 
i u ed as the co-magnetom tel'. 

• The polarized 3He a toms are also used as the neutron spin analyzer; by observing the spin
dependent n +:3 He --+ p + t react ion, t he difference betwe n the Heu tron and 3He precession 
frequencies can be measured. 

• The aRe precession frequency is determined by d irectly measuring the change in the 
magnet ic field caused by the rotating magnetization of the :3He atoms using SQUID 
magnetometers. 

With this 'trcttegy, we expect to achieve E = 50 kV/ crn , T<; torp f"'-..J 500 s , and N f"'-..J 106 , resulting 
in a two- n i.ers-of-nr gnitude improvement in sensit ivi ty. Some of the important features of this 
strategy will be described in more details below, 

2.2. UCN Production 
In previous ED1{ experiments with stored UeNs, UCNs pr duce el:ewhere were transport d 
to the experim ntal apparatus and were star d in t h measurem nt cells. The nUlllber of UeNs 
suffer from the loss in t he extract ion of DeNs from the DeN SOlli' e and during the transport 

2 Ult racold neutrons are neutrons with total kinetic energy less than the effect ive potent ial U F presented by a 
rna terial boundary. These neutrons, therefore, can be confined in a material bottle. Ty pically U F C'v 200 neV , 
which rres pond s to velocities of order 5 mis, wavelengths of order 500 A and an effective t emperat ure of order 
2 mI<. See, for exa mple Ref. [6] 
l T he use of DCl s is important in suppressing the motional magnetic field effects [7]. which were a major 
limitation in early ex periments with a cold neutron beam. 



Figure 1. The dispersions urve for the elementary excitation in superfluid 4He (blue) and the 
Jbpersioll curve for the free neutron (red). The two 'urves crot;t; at Q = 0 and Q = Q* , which 
corresponds to a neutron wavelength of 8.0 A or an euergy of 12 K. 

from the source to the experiment . T hese problems can be overcome if DCI s can be generated 
directly ill th EDNI measurement cell. It is in fact possible llsing the supertherma.l process [9] 
in l:iuperfluid liquid 4He with 8.9 A neutrons delivered to the measurement cell. Tills mechanil:im 
is illustrated in Fig. 1. Shown in the figure are the di~persion curve of the elementary excitation 
in superfluict 4He and that of the free neutron, wruch cross at Q = 0 and Q = Q* , which 
'orresponds to a neutron wavelength of 8.9 A or an nergy of 12 K . Th refore, neutrons wi th a 

wavelellgt h of 8.9 A can give all th ir ,n rcry and momntulll to the elementary excitations in 
superfluicl h lium and become ultracolcl n utrons. This process is called "downscat tering ." T he 
r verse process "upscattering:' is highly suppressed: because there are hanliy any elementary 
exci tations with enprgy of E* = 12 K (Q = Q* ) when the temperature of the liquid helium is 
T < 0.5 K (suppresned by cxp ( - E* jkT )). The production of DCNs n ing this met.hod has been 
cxperiInentally demonstrated [10, 11]. 

Since 4He has zero neutron absorption, DCN can be store in the bath of :uperftl1id 4He until 
Ii decay) wall absorption, or upscattering occurs . Our goal is to a hieve a 500 s lifetime for the 
::iLored UCNs. With this and the expected neutron flux a t th . 8.9 A Lin at FNPB (see Sec 3), 
we expect to have V r'-I 106 per measurement. We plan to use a . earn of polarized Ileutron~ to 
generate DeNs polarized. 

T hew me other advantages to performing an ED f experiment directly in a bath of liquid 
heliLUll. A dilu te admix ure of polarized :3He atoms can be introduced into the bath, and can 
serve as a COI11;;} g n tometer and n It ron spin analyzer as we will see below. In addi tion, because 
of the excell nt dielectric propertif's of liquid helium, it is expected that a higher electric field 
can be applied in liquid helium than in vacuum. 

2.:1. Magn etic Field Measurement with a :lHe Com agn etom et r-
An EDlVl of 10- 28 e 'm pI' dllce a r lative chang of 0J ;-: x 10-0 Hz in precession frequency 
on revenml of E with respect to B for lEI = 50 kV j crn. This frequency shift corr ::iponds to 
a change in magnetic field of abou t 2 x 10- 12 gauss. Obvioutdy an extrerne care needs to be 
taken to ensure and moui tor the temporal ~ tability and spat ial uniformity of the magneti field 



jin order to minimize any possible systematic effect s. 
[ We ¥ill use polarized ~He a toms a.s comagnetometer as a means to addres. this issue.. A 
comagnetometer is a polarized atomic sp cies wi hin the sam st rage volume as the neutrOIlti, 
which provides a nearly exact spat ial and temporal average of the m' gnetic field affecting the 
neutrons over the storage period. The effectiveness and importance of the usc of comagnetometer 
have recently been demonstrated exp :>rimentally in the ILL experiment [2, 12}. 

vVe will introduce a dilute admixture of polarized ::lHe atoms into the Ruperfiuid .:tHe. The 
fractional density of 3He will be x = N (3 He )jN (4 He ) 0V 10-10 (This is deterrnin d from the 

[neutron lifetim in tbe helium bath, as discu sed below). 3He is a diamagnetic at m and the 
I ED r of :3 He is neo-ligible due to the shielding from the two bound ele trons. The pr cession of 

:~ He atoms will be determined by directly measuring the change in the magnetic field caus d by 
t he rotating magnetization of the 3He atoms using SQUID magnetometers. 

2.4. Measu're m ent of the Ne utron PTecession Frequency 
1'11 , 3Hc atorn.s also serves as an analyzer of the neutron precession ff(~quell :y. The cross ,'ec:tion 

[ for neutron absorption by ,'3He is strongly spin d pendent: 59 b for spins lignecl and 11 b 
for spins opposite at thermal n utron energy (25.3 mcV). The cross sections for bot!. scale 
inversely with neutron elocity. Thus if the .3He cone ntrati n is adjusted to 1012 atoms/ cc 
(:r = N ( He)jN (4He ) 0V 10-10), then the neutrons are only absorbed when the neutroll spin i' 
opposite to the 3He spin. Therefore the rate of neu tron loss due to absorption is 

(6) 

where P3 and Pn are the polarizations of the 3He and the neutrons respectively, and r :l and 1 n 

are the gyromagnetic ratios of the :3 He and the neutrons respectively. 
When a neutron is absorbed on a :3 He atom, t he reac ion products are a proton and a triton 

that share 764 keY of eneroy When the reaction products travel in liquid helium , they pro luce 
scintillation light in the hard ultraviolet (0V 80 nm). If the m asurem nt . lIs ar~ c ated with 
a WEW length shifter, the scintillation light is convert d to the blue which may be detected by 

[ photomultiplier tubes (P1VIT). 
By measuring the rate of scintillation light, the diffrence between the neutron precession 

frequency and the :3He precession frequency call he determined. Note that the :3He pr c~ssion 
frequency i::; measured using the SQUID magnetometer. The signature of a neutron EDrvr would 
appear as shift in the neutron -:3He precession frequency difference corresponding to thE' reversal 
of the E relat ive to B with no corresponding hange in 3He precession. 

2.5. Aleasurem ent Cycle 
To summariz the method described abov , a proposed measurement cycl . is illustrated ill Fig. 2. 
Note that t he duration of each step r mains to be optimized to achieve maximal ::;ensitivity once 
the UeN storage and ·'3 He relaxation t imes in the measurement cell are known. 

3. FNPB at SNS 
The experiment will be performed at the Fundamental. eutron Physics Beanlline (F~PB) a t 
the Spallation Neutron Source (SNS ) < t the Oak Ridge National Laboratory. The Spallat ion 
Neutr n S urce (SNS), currently under const ruction at the Oak Ridge National Laoorat ry, is 
an accelerator-based neutron source, and will provide the world's rno 't in ense pul ed n utron 
beams for scientific r search and indust.rial development [13]. The Fundamental Neu tron Physics 
Bcamline (FNPB), one of the 24 neutron beamlines in the SNS target hall, is dedicated to 
fundamental physics using cold and ultracold neutrons. 
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Figure 2. Illustrative description f a proposed measnrement cycle. The duration of each step 
remains to be optimized to achieve maximal sensitivity once the UCN storage and 3He relaxation 
t imes in the me surement cell is known. 

The FNPB has two neutron beamlines, t he "Cold Neutron Line 1 and the 8.9 A Line (or "UCN 
Line" ). The 8.9 A Line is dedicated to experiments that wlll USE'S the super thermal process in 
superfluid liquid heliUln to produce ultra-cold neutrons. The 8.9 A neutron ' will be sel ct d by 
a double crystal monochromator and will be sent to an external building located about 30 m 
downstream, where the nEDNr Experiment will be nH.)Untf'o . 

The construction of SNS completed in 2006. CluTently t he beam power is being ramped up 
towards its full-power capa.city of 1.4 ~1W . The FNPB is currently under constrllction . The 
construction is planned to be completed in early 2010. 

4. Experimental Appara tus 
The conceptual oesign of the proposed apparatu .. '5 is ::;hown in Fig. 3. T h p icture is derived from 
a. full 3-D engineerino' model tha t has been created to study whether all the scientific idea.s can be 
realized in single piece of equipment. The apparatus is d ivided into two part.s~ the upper ryostat. 
where the measurement i . made and the upper cryostat where the 3H is inject d and removed 
as w 11 as wher the refrigeration is done. Both lower and upper cryostats are surrounded by four 
layers of p -lllctal magnetic shields to shield the apparat us from the ambient magnetic fi .ld and 
its temporal change. Two nE'utron guides (not shown), which provide pola.rized 8.9 A neutrons) 
enter from t he right and terminate roughly fO em upstream of the high voltage plates. 

Th ' cu taway view of the lower cryostat is shown in Fig. 4. T here are two measurement eells , 
which are plac cl ill t h gaps between the high voltc: g and gTolmd electrodes. Th ·, cells are 
made of a rylic, and the inner walls are coated with cleuterated poly tyrene to minim.ize neu tron 
ahsorption by hydrogen. The deuterated polystyrene is Loaded wit h d u terated tetraphenyl 
butadinen (dTPB) which s rv as the wavelength shifter for the hard ultraviolet scintillation 
light from the neu 1'0 absorption on ')He. The cOllvprt.ed Hght is guided through the light guides 
and is detpcted by FMTs locat~d at a cryogenic temperature (4 rv 20 K ). 
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Figure 3. T he schem~ tic overview of the full detector apparatu!::l. 

Th - high volt ge of about :i50 kV is n cessary to O'cnera te the (':;0 kV / m lectric field ac.;ru~s 
he 7 em wide measurement c lIs. This high volt ge is generated internally using a variable 

capacitor from an externally provided high vol tage of 50 kV. T h is elimina tes the need for a 
vacuum and cryogf'nic £ dthrough that call withs an 350 kV. 

Th illt-!&"iUrement cells, the light guides , the €:~ lectrodes and th0. variable capacitor are all 
immersed 111 a 1200-liter bath of ouperfluid elium which serve as the insulator for the high 
voltage system. Al.'o the superfluid helium bath surrounding the cells help keep the temperature 
acr 55 it cells uniform, and eliminate poten ial heat sources. Th is is important becaus a 
h at soure can g nerate a phonon wind which blows away 3He at ms thus g n ra ting a 11011-

uniformity in :~H cone ntr ' tion. 
T he SQUJD magnetometers are monnt. ;o on the ground pla tes . 
A superconciucting magnetic shield and a ferromagnetic shield pro ide a magnetic shielding 

in addition to Lhp convent ional (f-L-metal) room Lemperature shields . Located between the 
ferroma.gnet ic shielrl and the 1200-liter insulating helium volume are var ious coils that generate 
a uniform static 10 ruG fielrl (8 0 fi ·ld ) and RF pulses to rotate the spins of the neutrons and 
::l He ('rr / 2 puh;e). 

5. Status and Plans 
Current.ly. the collaboration is refining the conceptual design as well as vigorously pm'suing 
various R&D studies that are necessary to optimize the final design of the experiment . The 
ongoing and complete R&D topics inclllde (but are not limited to): 

• study of the neu tron storage t ime in an acrylic cell coated with deuterated polystyr .ne 

• stndy of d ielectric properties of sup (~rfl uicl helium [15] 

• t.heor tical and experimental study of the possible systematic effects due to the interfer ncp. 
b etween the motional magnetic field effects and the gr client of the Bo field [16 17] 
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Figure 4. The centraJ region of th det ctor illustrating the m asurement ,ells, electrodes, light 
guides, HV gen rator and magnetic shields. . 

• modeling and prototyping of var ious coils 

• study of t.he neutron beam line [18] 

The R&D and the design will continue through calendar yea r 2007. The construction is 
e. pccted to start suh~equently. The opera ion of the apparatm; is expecteu to start around 
2013. 
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