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A diverse assortment of graphic representations of “IU,” Indiana University’s 
acronym, has been in use dating back to 1898. Many variations appear in 
limestone carvings throughout the university, and many more have been 
developed for other applications.

One version of the “IU” expression, created and first implemented in 2002, and 
referred to as the Block IU, has been selected as the foundational element for 
the Indiana University Integrated Image Program. It is graphically strong, simple, 
communicative, and can be quite effective when integrated with other elements. 

The IU Seal, discussed in detail later in this guide, is to be reserved for 
ceremonial and executive-level communications. Given that many universities 
have institutional seals of approximately the same contours, the Block IU offers 
a more differentiating presentation. IU has also been represented in the past 
by a wordmark; however, while distinctive, it does not provide the flexibility to 
accommodate the complex identification system required by the university’s 
various needs and has therefore been discontinued. 

Adopting the Block IU as the standard across all media and increasing its presence 
will help meet the objectives of the program and provide synergies supporting the 
extensive presence of the university throughout the state and globally.

Note: The IUPUI wordmark is in development and will be addressed in the next 
iteration of this guide.

Mark: Block IU

I d en t i t y  C omponen t s



Neutron Decay Parameters

Phenomenological (J = 1/2 → J = 1/2) beta decay formula [ Jackson, Treiman,
Wyld, 1957 ] :
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For allowed beta decay, neglecting recoil order terms, the standard
electroweak model (Weinberg, Glashow, Salam, et al.) predicts:
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Standard method for measuring the
e-ν correlation:

recoil energy spectrum

statistically most advantageous



A Novel Method to Measure a
(Yerozolimsky and Mostovoy, 1996)



We separate groups I and II by beta energy and 
proton time-of-flight: 
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Our goal is a < 1% 
measurement of "a" 

We separate groups I and II by beta energy
and proton time-of-flight (TOF) 

X(E) = NI − NII

NI − NII

= a fa (E)
wishbone

asymmetry
geometric
function
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Electron backscatter
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Electron backscatter will cause electrons to appear at a lower, 
incorrect energy, filling in the gap between the branches.



Backscatter Suppressed Beta Spectrometer
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aCORN backscatter suppressed 
beta spectrometer
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Beta Spectrometer Energy Resolution (FWHM) 

2

FWHM = A∗channel
A = 800 ± 47



Electrostatic mirror

Polyflon	

0.010” teflon sheet electroplated 	

with 4.4 μm copper, etched into 	


63 x 6.7 mm wide bands, 	

with 0.3 mm separation

Pyrex tube

0.15” wall thick teflon tube

resistor chain



Proton detector



 

aCORN proton detector 
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aCORN NG-C Raw Wishbone
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aCORN Wishbone Energy Slices
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aCORN Wishbone Reversed Mirror
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A Novel Method to Measure a

(Yerozolimsky and Mostovoy, 1996)

neutron beam. A long solenoid, aligned to the axis
of the detectors, is located between the beam and
proton detector. Coincidence detection of the
electron and proton is possible for neutrons that
decay in the indicated region. The solenoid
produces a uniform central magnetic field B.
Within the solenoid are a series of precisely aligned
circular apertures of radius r. A proton’s trajectory
inside the solenoid is helical, with radiusR
proportional to its transverse momentum R ¼
p?c=eB [19]. Only those decay protons with
transverse momentum below a threshold value
(which depends on the position of the decay
vertex) can pass unobstructed through the aper-
tures and be detected. A pair of fine wire grids
produces an electric field around the decay region,
directing all decay protons toward the proton
detector regardless of their initial axial momenta.
Decay electrons are energetic enough to pass
through this electric field.

The determination of a from this scheme is best
illustrated by the momentum-space diagram
shown in Fig. 3. The cold neutron’s kinetic energy
is very small (about 0.003 eV) so it can be treated
as decaying at rest. Let us assume the decay vertex
was on axis. A typical momentum vector for a
detected beta electron is shown as pe. The solenoid
and aperture arrangement will allow any proton
whose transverse momentum is less than eBr=2c to
be detected. The electric field guarantees that any
value of the proton’s axial momentum will be
accepted. Therefore, the proton’s momentum
acceptance is described by the lower circular
cylinder shown in the figure. Any proton whose
momentum vector lies inside this cylinder is
detected, and an electron–proton coincidence is
obtained. Now consider the antineutrino. It is not
detected, but conservation of momentum requires

that the antineutrino momentum vector (pn) lie in
a second cylinder (shaded in the figure), identical
to the lower cylinder but translated by "pe?. If we
neglect the decay proton’s kinetic energy, con-
servation of energy fixes the length of the
antineutrino momentum vector to be
jpnj ¼ Q=c"

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2e þm2
ec

2
p

, where Q is the total
decay energy. For any neutron decay where both
the electron and proton are detected, the possible
antineutrino momenta must fall into one of two
kinematically distinct groups, indicated in the
figure by the regions labeled I and II. These two
regions are formed by the intersections of the
upper cylinder with a spherical shell of radius
jpnj.The detection solid angles subtended by the
two regions are equal in size; so if a is zero, there is
equal probability for the antineutrino to be in
either group.A nonzero value of a is associated
with an average correlation between the electron
and antineutrino momenta, and will cause an
asymmetry between coincidence events in groups I
and II. To simplify this illustration we have
assumed the decay vertex to be on axis, but in
general it will be off axis. In that case the cylinders
in Fig. 3 would have elliptical, rather than circular,
cross-sections, but the above analysis is similar
and its conclusions are the same.
The two groups of coincidence events, corre-

sponding to regions I and II, can be experimentally
distinguished by time-of-flight (TOF). The beta
electron is detected a few nanoseconds after the
neutron decays. The proton is much slower and
takes microseconds to reach the proton detector.
The time between electron and proton detection
can be easily measured using standard TOF
methods. The protons associated with group I
events have greater axial momentum than those of
group II events, so they reach the proton detector
more quickly. By recording for each event the
electron energy and proton time-of-flight, we
obtain, after many decays, NI events in group I
and NII events in group II for each electron
energy. It can be shown that

aðEÞ ¼
1

ve

2X ðEÞ
ðfIðEÞ " fIIðEÞÞ " X ðEÞðfIðEÞ þ fIIðEÞÞ

" #

.
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Fig. 3. A momentum space diagram of the determination of a
from the coincidence measurement.
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Here X ðEÞ is the experimental asymmetry:

X ðEÞ ¼
NI $NII

NI þNII
(7)

for some slice of electron energy E and ve is the
beta electron speed (fraction of c). The parameters
fIðEÞ and fIIðEÞ are defined by

fIðEÞ ¼
R

dOe

R

I dOn cos yen
OeOI

n

fIIðEÞ ¼
R

dOe

R

II dOn cos yen
OeOII

n
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Looking at Fig. 3, fI can be understood to be the
cosine of the angle between the electron and
neutrino momentum vectors, averaged over the
cone that defines group I, and then averaged again
over the accepted beta momentum directions for a
particular beta energy, assuming that there is no
angular correlation (i.e. calculated assuming
a ¼ 0). It is effectively just a geometry calculation;
it contains no physics. The parameter fII is the
corresponding average for neutrino group II. Note
that fI is a positive number and fII is negative.
These parameters, which are both functions of
electron energy, depend on the transverse momen-
tum acceptances of the proton and beta, and so
they can be calculated from the measured axial
magnetic field and the collimator geometries.

The second term in the denominator of Eq. (6) is
small, about 1% of the first term, so as a
convenient approximation we can write:

aðEÞ &
1

ve
KðEÞX ðEÞ (9)

with

KðEÞ ¼
2

fIðEÞ $ fIIðEÞ
. (10)

To a good approximation aðEÞ is proportional to
the experimental asymmetry X ðEÞ at each slice of
electron energy. For discussion purposes, Eq. (9) is
easier to work with, but of course there is no
difficulty in using the full expression, Eq. (6), when
needed to analyze the data precisely. Using
a ¼ $0:1, the asymmetry X ðEÞ has an average
value of about $0:05 for the electron energies used
in our experiment. Our calculations show that to
determine fIðEeÞ and fIIðEeÞ, and hence KðEeÞ, to
a precision of o0:5%, it is sufficient to know the
magnetic field to 1.5% and the collimator diameter
and alignment to '1mm.
There is a small correction that comes from our

neglect of the proton’s kinetic energy in the
momentum space discussion. If we account for
this energy, the neutrino momentum acceptances
for groups I and II (see Fig. 3) differ by 0.1%. It
would cause a slight asymmetry even if a were
zero. This effect is a 2% correction to the
measured a.
While Fig. 2 shows the minimum configuration

for this scheme to work, it would be more practical
and efficient to extend the magnetic field from the
proton detector to the electron detector and select
both protons and beta electrons by their transverse
momenta. This is indicated in Fig. 4, which shows
a sketch of a realistic experimental apparatus.
Instead of a continuous solenoid, the axial
magnetic field is produced by an array of precisely

ARTICLE IN PRESS

Fig. 4. Sketch of a realistic instrument to measure a using the proposed method.
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~0.5% correction

The geometric function f  (E)a

X(E) = a fa (E)wishbone asymmetry:

fa (E) =
1
2
v φ I (E)−φ II (E)( )

                  are the average angle between 
electron and antineutrino momentum vectors for all 

momenta within the aCORN acceptance, 
independent of the beta decay distributions.

φ I (E),φ II (E)

f  (E) depends ONLY on:
• magnetic field strength
• collimator geometry
• neutron beam density distribution (weakly)
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Beam Polarization

With a polarized neutron beam:

wishbone asymmetry Awb = afa (Eβ )+ PBfB(Eβ )

BfB(Eβ )
afa (Eβ )

≈14
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neutron polarization



Pn =
T↑

n − T↓
n

2T0 sinh(σnNHePHeL)

Neutron Polarimetry with Polarized 3He (SEOP)



Neutron Polarimetry with Polarized 3He (SEOP)

Blind Analysis Strategy:

 1.   aCORN physics data collected on NG-C:
             B up:       Aug. — Dec. 2015
             B down:  Feb. — Jul. 2016
             B up:       Aug. — Sep. 2016

2.    Neutron polarization on NG-C measured in summer 2016
       and result embargoed (the blind).

3.    All B up data analyzed and systematics evaluated and vetted by the
       collaboration. A B up result is obtained.

4.    All B down data analyzed using the same fixed methods and routines.
       A B down result is obtained and compared to the B up.

5.    “Box opened” on measured neutron polarization.
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aCORN NG-C Result

a = -0.1076 ± 0.0014 (stat) ± 0.0015 (sys); 1.9%
Hassan, et al. Phys. Rev. C 103, 045502 (2021)

Table 1: A summary of systematic corrections and uncertainties for the value of
the a-coe�cient in the combined NG-C result. The third column lists the absolute
uncertaintes and the fourth column is relative to our final result for |a|. The combined
uncertainty is the quadrature sum of statistical and systematic.
systematic correction 1� uncertainty relative uncertainty
e scattering -0.00083 0.00083 0.0077
wishbone asymmetry 0.00064 0.0060
residual gas 0.00048 0.0045
proton scattering 0.00038 0.0035
beta energy calibration 0.00030 0.0028
electrostatic mirror 0.00161 0.00032 0.0030
absolute magnetic field 0.00023 0.00023 0.0022
energy loss in grid -0.00111 0.00022 0.0020
proton collimator alignment 0.00046 0.00020 0.0019
magnetic field shape 0.00018 0.00011 0.0010
electrostatic mirror alignment 0.00025 0.00009 0.0008
neutron beam density -0.00045 0.00009 0.0008
proton focusing 0.00036 0.00055 0.0051
total systematic 0.00070 0.00148 0.0137
statistical 0.00136 0.0126
combined uncertainty 0.00201 0.0186
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-1.2754 ± 0.0011 (expanded error)



4-body radiative correction
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Radiative corrections to neutron and nuclear �-decays: a
serious kinematics problem in the literature

Ferenc Glück∗1

1Karlsruhe Institute of Technology, IAP, 76021 Karlsruhe, POB 3640,
Germany

Abstract

We report a serious kinematics problem in the bremsstrahlung photon part of the

order-↵ outer (model independent) radiative correction calculations for those neutron

(and nuclear beta) decay observables (like electron-neutrino correlation parameter mea-

surement) where the proton (recoil particle) is detected. The so-called neutrino-type

radiative correction calculations, which fix the neutrino direction in the bremsstrahlung

photon integrals, use 3-body decay kinematics to connect the unobserved neutrino direc-

tion with the observed electron and proton (recoil particle) momenta. But the presence of

the bremsstrahlung photon changes the kinematics from 3-body to 4-body one, and the

accurate information about the recoil particle momentum is lost due to the integration

with respect to the photon momentum. Therefore the application of the abovementioned

3-body decay kinematics connection for the radiative correction calculations, rather preva-

lent in the literature, is not acceptable. We show that the correct, so-called recoil-type

radiative correction calculations, which fix the proton (recoil particle) momentum instead

of the neutrino direction and use rather involved analytical, semianalytical or Monte Carlo

bremsstrahlung integration methods, result usually in much larger corrections than the

incorrect neutrino-type analytical methods.

∗
ferenc.glueck@kit.edu
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aCORN combined

-1.2754 ± 0.0011 (expanded error) including the 
calculated order-α 4-body 

radiative correction

-0.7% shift!
(preliminary)

F. Glück, 
Phys. Rev. D 47, 47 (1993);

arXiV:2205.05042 (2022)



aCORN B
A precision measurement of the neutrino asymmetry (B-coefficient)

in free neutron decay

Polarization and Polarimetry

VI A. Petoukhov, T. Soldner, V. Nesvizhevsky, M. Kreuz, M. Dehn, and M. Brehm

A perfectly polarized neutron beam should therefore be homogeneous on the level of the
attempted experimental precision. Today, this can be obtained neither with a single SM nor
with a 3He polarizer.

3 The crossed geometry of two SM polarizers

Fig. 1. Scheme of double SM polarizers in crossed geometry.

We propose to use double SM polarizers in crossed geometry (Fig. 1). This geometry is
particularly important since the angular acceptance of one device is independent of the
angular acceptance of the other. Therefore, both devices are independent. This allows to
predict the properties of the combined polarizer (polarization P12 and transmission T12)
from the properties of the single devices (Pi and Ti) using the standard matrix formalism:

P12 =
P1 + P2

1 + P1P2
≈ 1 − 1

2
(1 − P1)(1 − P2) (1)

and
T12 = T1T2. (2)

Using typical SM polarizer properties (Pi ≈ 98%), we predict a very high polarization
(P12 > 99.9%) for a wide wavelength range and an angular variation of less then 10−3. The
intensity should drop only to about 50% of the single device (T1, T2 ≈ 50% for the “good”
spin component).

4 Experimental tests

For the experimental tests at PF1b the following set-up was used: The polarized beam was
created by double SM polarizers in crossed geometry, followed by a radio frequency flipper
(f = 50 kHz) and a current sheet flipper. The beam was analysed by either a single SM
analyzer, double SM analysers in crossed geometry, or a polarized 3He spin filter. A time
of flight set-up allowed a wavelength-resolved analysis. All SMs were adjusted to maximum
transmission. To cover the wavelength range between 3 and 10 Å, different 3He cells and
pressures were used.

In Fig. 3b the performances of the two flippers are compared. The efficiency of the radio
frequency flipper was 99.93(1)%, averaged between 2 and 15 Å (only statistical error given).

Fig. 2a (2b) compares the wavelength (angular) dependence of the product AP of po-
larization and analyzing power for the single and the crossed analysed. Both dependencies
are suppressed strongly for the crossed geometry. Fig. 3a compares the AP products ob-
tained with the crossed analysed and with the 3He spin filters. The values 99.01(5)% and
99.60(5)% differ significantly. We explain this by a depolarization in the SM analysed itself

assume the PERKEO II crossed supermirror 
polarizer (XSM) scheme 

[Mund, et al., PRL 110, 172502 (2013)]

achieved: P = 0.997 ± .001
s = 0.998 ± .001

100

90

80

70

60

50

TO
F 

(5
0 

ns
/b

in
)

10008006004002000
beta enegy (keV)

P = -1

100

90

80

70

60

50

TO
F 

(5
0 

ns
/b

in
)

10008006004002000
beta enegy (keV)

P = +1

measure both flip states:

Monte Carlo:

Awb
+ − Awb

−

2
= PBfB(Eβ )

Systematics
correction �

electrostatic mirror 0.0058 0.0012
absolute B field -0.0001 0.0005
B field shape 0.0003 0.0008
proton soft threshold -0.0031 0.0007
residual gas 0.0005 0.0005
e scattering -0.0015 0.0015
beta spect. energy cal. 0.00031
proton collimator alignment 0.0005
p scattering 0.00041 0.00050
wishbone asymmetry calc. 0.0008
total systematic 0.0023 0.0026
statistical 0.0031
total uncertainty 0.0040

1

aCORN NG-6:

all but two are strongly 
cancelled by the spin flip

σ B

B
< 0.003 (sys)goal:



120

100

80

60

12010080604020

We gratefully acknowledge support from: 
National Science Foundation 

NIST, U.S. Dept. of Commerce 

U.S. Dept. of Energy Office of Science 



120

100

80

60

12010080604020

Thank you!



2000

1500

1000

500

0

C
ou
nt
s

80x103706050403020100
Channel

K (482 keV)

L (553 keV)

M (565 keV)

K (976 keV)

L (1047 keV)

M (1059 keV)

207Bi



3500

3000

2500

2000

1500

1000

500

0

C
ou
nt
s

30x1032520151050

Channel

K (364 keV)

L (387 keV)

M (390 keV)

113Sn



1200

1000

800

600

400

200

0

en
er

gy
 (k

eV
)

70x1036050403020100
channel

207Bi

207Bi

113Sn

133Ba
57Co

139Ce

-10
-5
0
5

10

re
si

du
al

 (k
eV

)

70x1036050403020100
channel

Electron Spectrometer CalibrationBeta Spectrometer Energy Response



8000

6000

4000

2000

0

FW
H

M
 (c

ha
nn

el
s)

60x10350403020100

channel

 calibration data
 fit 

 

 

 

 
 
 
 

1

Beta Spectrometer Energy Resolution (FWHM) 

2

FWHM = A∗channel
A = 800 ± 47



Beta Collimator

17 x 0.5 mm precision cut 

tungsten collimation elements


with graded spacing

axes aligned to 0.005”


!
arrangement designed by Monte Carlo


to minimize electrons

scattering into the beta spectrometer


!



Proton collimator

140 cm long monolithic Al tube	

with 55 precision-turned	


collimation elements



The aCORN Experiment
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FIG. 25. Monte Carlo simulation of the distribution of ⇡one million proton hits on the detector

(gray-scale, 99.97 %), on the detector support (red circles, 0.02 %), and on the focusing electrodes

(green circles, 0.01 %). The active area of the detector is shown by the black circle. The elliptic

profile of the beam results because the accelerating electric field that guides the protons to the

detector is not parallel to the experimental axis.

magnetics in its vicinity, past and present, makes a slight unwanted neutron polarization

possible. Unfortunately we were unable to directly measure the neutron polarization on

NG-6.

We collected data with both directions of the axial magnetic field. A simple average

of the a-coe�cients obtained with magnetic field up (aup) and down (adown) cancels the

polarization e↵ect, assuming that Pup = Pdown. There is an additional correction in the case

of a small di↵erence in polarization:

a =
1

2
(aup + adown) +

1

2

✓
Pdown � Pup

Pdown + Pup

◆
(aup � adown) (10)

XIII. CONCLUSION

The aCORN apparatus operated on the NIST NG-6 beamline from February 2013 through

May 2014, collecting 1900 hours of data. These data have been analyzed and will be the

subject of a forthcoming paper. The apparatus was then moved to the higher flux NG-

45

Proton Focusing Simulation

106  protons total

detector active region: 99.97%

focusing ring: 0.008%

detector can: 0.020%

missed: 0.002%



precision
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rotating
assembly

temperature
stabilized
carriage

3-axis
Hall probe

off-axis
position

(not to scale)

alignment axis
of experiment

aCORN magnetic field mapper

Precision bearings at top and bottom
define a precise alignment axis.

Computer-controlled servo motors rotate
and translate the mapper to separate axial
and transverse field components.

The off-axis Hall probe measures field
gradients.

The collimation insert is later optically 
aligned to the bearing centers.
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Electrostatic mirror correctionand probably some more that I can’t think of right now. I have absolutely no
reason to think that any of these (with the possible exception of the epoxy) has
any effect on the fields in the regions of interest.

Electric Fields

Figure 2: Axial (l) and Transverse (r) Electric fields in NG6Mirror13

I have extracted electric fields in the usual way.
First, there is an overall 2D field that covers the whole model at 100um

resolution. This is converted into a cylindrically symmetric field by my field
reading code.

Then there are a series of 3D field sections with different resolutions taken
from sensitive regions of the model.

The region from +17cm to +35cm (just below the proton collimator) is
covered at 1mm resolution in all three directions. It is just too memory expensive
to do anything higher for this sort of large volume.

The region from -23cm to -15cm (around the bottom wires) is also covered
at 1mm resolution in 3D.

The region from 26-29cm is covered at better then 100um resolution in all
three dimensions.

The region right around the wire is covered by several overlapping regions
that reach 10um x 300um x 20um in the section within ±3 diameters of the
wire. The low resolution in the y direction is allowable because the field cannot
vary rapidly in that direction as there are no structures small enough.

If we look at the fields round the top wires in detail then we see that there
are significant meshing artifacts.
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