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Abstract 

The behavior of dynamically polarized targets in the presence of a high intensity electron beam was studied. The 
nuclear polarization seen by the incident electron beam is lower than the overall measured target polarization by NMR 
due to beam heating and subsequent depolarization. A correction for this beam-induced depolarization is developed here 
to correct the measured target polarization for these effects. Furthermore. a model has also been developed to calculate 
the target depolarization in beam, and optimization of running conditions for future experiments of this nature are 
discussed based on this model. 1’ 1998 Published by Elsevier Science B.V. All rights reserved. 

Polarized nuclear targets have been used exten- 
sively over the past 30 years to investigate the role 
of spin in particle interactions. Recently, frozen 
‘“NH3 and “ND3 targets, working on the prin- 
ciple of Dynamic Nuclear Polarization(DNP) 
[l-3] were used in SLAC experiment El43 [4,5] to 
measure the proton and deuteron spin structure 
functions g,(.u,Q’) and q2(~,Q2). For this experi- 
ment. a longitudinally polarized electron beam 
was scattered from target nucleons polarized either 
longitudinal or transverse with respect to the inci- 
dent beam direction. The beam ranged in energy 
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from 9.7 to 29.0 GeV and was delivered in 2.3 tls 
pulses at a rate of 120Hz. As many as 
4 x IO9 e/pulse were incident on the target, making 
this highest beam intensity in which a solid polariz- 
ed target has run in a routine manner. With such 
intense beams, the energy deposited has to be 
spread out to reduce the effect of depolarization 
due to increased temperature and radiation dam- 
age. If the beam is localized, the polarization can 
reduce rapidly and although the NMR measure- 
ment shows substantial polarization, the beam is 
traversing a region where the polari~tion maybe 
very small, thus compromising the experiment. The 
best way of spreading out the energy deposition is 
to raster the beam on the target in an appropriate 
manner, which greatly reduces local depolarization. 
However, rastering the beam does not automati- 
cally eliminate the difference between the NMR 
measured polarization and that seen by the beam. 
This paper estimates the size of this difference for 
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the El43 conditions and for other possible raster 
scenarios. 

The target mater&f was in the form of solid 
beads/granules of radius IV 0.7 mm held in a cylin- 
drical container of radius 12.7mm and length 
3.0 cm. The entire assembly was immersed in a bath 
of liquid ‘He at a temperature of 1.1 K. We refer to 
Ref. [6] for details of the target cells and NMR 
operations. During E143, the beam was rastered 
over the face of the target in a circular pattern of 
radius to.8 mm. For longitudinal polarization of 
the NH, target. the polarization dropped from an 
initial value of 75% with no beam present, to 
68.3% when the beam was turned on at an intensity 
of 4 x 10’ e,/pulse. For longitudinal ND3 running at 
the same beam intensity, the measured polarization 
dropped to 24.9% from an initial value of 30% 
When the beam was present, the target beads 
underwent large temperature and polarization cha- 
nges, and so the polarization measured by the stan- 
dard NMR technique [3,7,8], which samples the 
overall target polarization, is not necessarily the 
correct vatue seen by the beam. There are two 
sources which contribute to this difference: 

1. The raster pattern only covers part of the target 
area. For the beads within the raster area. their 
temperature wit1 increase due to beam heating, 
which subsequently causes an overall depolariz- 
ation of the target material within the raster 
area. This effect will be discussed in full detail 
later. However. the beads outside of the raster 
area will remain at the temperature of the sur- 
rounding “He bath, and their polarization will 
not be changed from the original value.” The 
polarization measured by the NMR is a combi- 
nation of both the unrastered beads and those 
which are in the raster region. The relative con- 
tributions from these two regions is sensitive to 

-- 
“The “He bath temperature will actually rise when the beam 

is present. But the increase is as small as about 0.01 K. and 
translates into a negligible change in polarization. 

7 
i. 

the geometry of the NMR coils and the radius of 
the raster pattern. Specifically, the relative con- 
tributions are weighted by the square of the 
perpendicular component of the RF magnetic 
field to the static magnetic field in the NMR 
system. 
For the beads within the raster area. there is an 
additionaf temperature change due to the beam 
passing through them, and therefore their polar- 
izations also fluctuate. As a result, the average 
polarization of the beads during the beam spill is 
not the same as that averaged over the entire 
raster period, which means that the average po- 
larization that the beam sees is different from 
what contributes to the NMR signal. However. 
it will be shown later that this difference is very 
small and can be neglected in the present dis- 
cussion. 

We assume the relative ~~~ntribution to the NMR 
signal from beads within the raster area is s, which 
is between 0 and 3. Assuming that the beads outside 
the raster area will remain at the initial (before 
beam) target polarization Pinit, we have 

P,,,, = .~P.l. + ( 1 - S)Pi”jt, (1) 

where P,,,,, is the measured pofarizations once 
beam is turned on and the polarization has reached 
a steady state, and Pf is the true polarization of the 
rastered beads, see Fig. 1. Notice that P,,,, is 
greater than P7 unless s = 1 (when the raster 
covers the entire target face), implying that the 
measured polarization is larger than the correct 
value. The above equation can be easily solved to 
yieid 

pT = 
P mea - (1 - X)Pinit 

12) 
.Y 

So to obtain the correct polarizations we need to 
multiply the measured polarization by a factor 
(1 -- Cheat), where 

Because the NH3 and ND3 targets have different 
NMR coil geometries, and because the target 
B field changes direction relative to the NMR coils 
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. Proton coil 

_ Deuteron coil 

Edge of beam 
rastering 

P maa* =xpT + (I-x)Rn,t 

l-C he* = PT /P,*as 

Fig. 1. Because the rastering does not cover the entire target 

cell. the polarization is different in the two regions. Incident 

beam is normal to the page. 

for the longitudinal and transverse runs, the values 
for .Y and for Cheat will be different for each case. We 
denote the values of .Y as x~~,x~,x~,x~ for NH3 
longitudinal and transverse runs, and ND3 longitu- 
dinal and transverse runs, respectively. Once all 
four values for x are known, the corresponding 
correction factors can be readily calculated. Taking 
NH, as an example, for longitudinal runs we have 
P,,,,,Il = 68.3% and Pinit = 75%, which allows US 

to solve for PT. With PT known, Eq. (3) immediate- 
ly gives the value of Cheat for longitudinal runs. 
Transverse runs should have the same values of 
PT and Pi”,, as the longitudinal runs, so we have 

Pmeas.1 = X:P, + (1 - .X:)Pi*jt (4) 

and Cheat for the transverse runs can be similarly 
calculated. 

To calculate the values for .Y, we note that the RF 
wavelengths of the NMR signals are much larger 
than the target cell dimensions so that a static field 
approximation can be used. The Biot-Savart law is 
used to calculate the magnetic field inside the target 
cell, yielding a value of .X which is dependent on the 
geometry of the NMR coils. The target cell has 
radius 12.7mm and length 3.0cm, and the raster 
radius is 10.8mm. The proton NMR coil is 
a straight vertical wire (oriented perpendicular to 

Table 1 
Beam heating correction results at beam intensity of 4 x lO”e, 

pulse 

NH, II NH3 1 ND.3 /i ND, 1 

75 75 30 30 
68.3 68.5 24.9 23. x 

0.914 0.903 0.912 0.93 I 
h7.7 67.7 74.4 23.4 
0.008 I 0.0103 0.0 197 0.0157 

the static magnetic field of the target), and the 
deuteron coil is a four turn helical coil of diameter 
17.0mm and height 18.9mm, with its axis oriented 
vertically. Also included in the model is the fact that 
the top 1.2mm of the target cell is not filled with 
target material due to settling of the beads. The 
values of .Y and the correction factors in each case 
are shown in Table 1. To estimate the uncertainty 
in the correction factors, the values of raster radius 
R ras, target settling depth L,,,, the measured de- 
polarization and the diameter of the ND3 NMR 
coil Dwirc were varied within reasonable limits, and 
the correction factors were re-calculated for each 
configuration. In this way, the corresponding cha- 
nges give the size of error. The results are shown in 
Table 2. 

It was observed that the measured target de- 
polarization {Pinit - P,,,,) is proportional to both 
the initial polarization (Pinit) and the beam inten- 
sity. After plugging Eq. (2) into Eq. (3), it can be 
seen that the correction factors and their errors 
are independent of the value of Pinit* but they scale 
with the beam intensity. The systematic errors 
on the NH3 and ND, polarization measure- 
ments were 2.5% and 4% (relative) before these 
beam heating corrections were applied. However, 
due to the small errors in the correction factors, 
the overall errors in the target polarizations were 
essentially unchanged after the corrections were 
applied. 

As an approximation, we have divided the target 
cell into two concentric circular regions where the 
inner circle sees beam uniformly while the outside 
sees none. Although a model with a smooth heating 
profile would be more realistic, it does not change 
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Table 2 
Errors on the beam heating corrections at a beam intensity of 
4x 109e~pulse. The top table contains the I values for various 
configurations obtained by varying different parameters. The 
middle table contains the corresponding correction factors. The 
bottom table contains the errors on CheG, coming from varying 
parameters. where the row for P,,,, contains the error coming 
from uncertainties in the measured polarization (absolute 0.6% 
for NH3 and absoluteO.S% for ND,). The sum is then combined 
with the relative systematic errors in the target polarization 
measurements obtained before the beam heating corrections 

Central value 

R,,, = IO.5 mm 
R,,, = 11.1 mm 
I!.,,, = 0.6mm 
L,,, = 1.8mm 
I&. = 16.0mm 
D,,,, = 18.0mm 

Central value 

R,,, = 10.5 mm 
R,,,= ll.lmm 
I +., = 0.6 mm 
L,,, = 1.8mm 
Dwire = 16.0 mm 
D,,,, = 18.0mm 

R ras 
L re, 
P mcls 
bvire 
Subtotal 
Error(rel) before 
Error combined 

0.924 
0.900 
0.941 
0.909 
0.941 

ct ci 
0.0081 0.0103 
0.0110 0.0137 
0.0062 0.0080 
0.0098 0.0118 
0.0062 0.0084 
- 
- 

6C;, de: 6c{ <SC: 
0.0029 0.0034 0.0048 0.004 I 
0.0019 0.0019 0.0012 0.001 I 
0.0008 0.0010 0.0025 0.0019 
0 0 0.003 1 0.0026 
0.0036 0.0~ 0.0064 0.0053 
0.025 0.025 0.04 0.04 
0.025 0.025 0.04 0.04 

0.903 
0.874 
0.923 
0.890 
0.919 
- 

0.912 0.931 
0.893 0.914 
0.93 1 0.946 
0.910 0.928 
0.917 0.935 
0.923 0.939 
0.900 0.920 

ci 
0.0197 
0.0245 
0.015’ 
0.0203 
0.0185 
0.0171 
0.0228 

c* 
0.&57 

0.0198 

0.0119 
0.0163 
0.0146 
0.0136 
0.0183 

the results. The diameter of the inner circle has been 
chosen as 10.8mm based on the actual raster pat- 
tern and beam profile, by requiring the beam den- 
sity at the edge to fall to half of its value at the 
center. The uncertainty in this diameter has been 
taken into account in the error estimate, and is 
small. 

Another point worth noting is that the long-term 
target polarization depends on the total integrated 
radiation dose from the beam as well. In this model, 
we have assumed that the target beads inside the 
raster area have the same initial polarizatjon as 

those outside. The justification is that the time scale 
for the radiation damage effect is several hours, 
which is much longer than that for the beam heat- 
ing effect which is only a few minutes. The centroid 
of the beam raster pattern drifts slowly and ran- 
domly over time, so that on average, the whole 
target face is radiated uniformly. The drifting is fast 
enough as far as the radiation effect is concerned, so 
that at any given time, there is no significant differ- 
ence between different parts of the target. On the 
other hand, it is also slow enough to be safely 
ignored as far as the beam heating effect is con- 
cerned. This effect is also reinforced by the fact that. 
the target beads also tend to drift within the target 
cell on a time scale comparable to the drifting of the 
beam centroid. 

Finally, we note that these correction factors are 
within the systematic errors of the target polariza- 
tion values. 

2. Modeling the beam-induced depolarization 

A model has been developed to calculate the 
target depolarization in beam. For simplicity, the 
focus is on the NH3 target only. The relevant para- 
meters for El43 are: 

Beam current: 
Beam energy: 
Beam size: 
Rastering pattern: 

4 x 109e-/pulse 
29 GeV 
1.4 mm diameter 
1.2mm x 1.2 mm grid, 
over a 10.8mm radius 
circle 

Beam pulse rate: 
Beam pulse length: 
Target material: 

120 pulses/s 
tpul = 2.3 p’s 
ammonia beads with 
average radius 
r&d = 0.7 mm. 

There are a total of 253 raster positions, each occu- 
pied for one beam pulse so that in principle, a given 
raster point will not see beam again for 253 pulses. 
However, because the separation of adjacent raster 
points is smaller than the beam size, the effective 
time that the beam takes to come back is shorter. In 
a simplified model, we can think of an ammonia 
bead first being hit by the beam for one pulse, 
and then being hit again after ?I x (iO.%mm)~~ 



Beam Intensity 

tpui = 2.3)ls 

w SW 
tsep = - 

where: 
DC. Sbeam 

tpul = Pulse Length D.C. I Duty Cycle 

tsep = Time Between Start Sbeam = Beam Area 
of Pulses Sras = Raster Area 

Fig. 2. Single ammonia bead model in beam 

(n x (0.7 mm)') = 238 pulses (which corresponds to 
1.98 s). as shown in Fig. 2. The variables fpul and 
rpcp denote the pulse width, 2.3 ps, and the time the 
beam takes to come back to the same point. 1.98 s. 

Dynamically polarized targets are polarized by 
the continuous application of microwave radiation. 
Here, we try to determine the maximum micro- 
wave-enhanced proton polarization as a function of 
temperature. First. look at the case where there are 
no microwaves present and the target is in thermal 
equilibrium with the surrounding liquid helium 
bath. From Boltzmann statistics we can write down 
the foilowing expression for the thermal equilib- 
rium polarization: 

P,, = tanh(~H/(kT,,,,i,,fk (5) 

where k is the Boltzmann constant, H the magnetic 
field. E’ the magnetic moment of protons and 
Tlattice the lattice temperature. For protons at 5T, 
pH/k = 5.1084 x 10m3 K. Similarly. the enhanced 
polarization with microwaves on is given by 

P,, = tanh(/lH/(kT,,,i,))+ (6) 

where Tspin is the so-called “spin temperature” of 
the lattice. We assume the two temperatures are 
proporti~~na(: 

Tspin = C‘Tlatticc. (7) 

To find C, we assume a polarization of P,,, = 75% 
at a Tlaftice of 1.1 K, which is consistent with the 
El43 data. Using the above equation. we get 
Tspin = 0.00525 K. yielding C = 0.00525/l. 1 = 
0.00477. llsing this value of C, we get 

P,,,( T) = tanh( @,/( kCT,,,,+,)). 

Fig. 3 is a plot of this function. 
Next, we try to determine the polarization de- 

pendence with time t, at constant temperature 
T with microwaves on. We assume it approaches 
the maximum polarization exponentially, which 
means it takes the form 

P(t) = P,,,(T)[l - exp( - [I? - c,)], (9) 

where j and c are independent of time t and 
the value of c is chosen to match the initial condi- 
tions. 

The available data points at T = 1 K on polar- 
ization versus time with microwaves on are well fit 
by an exponential form. The fit gives (j = 
0.291 l/min = 0.004&51/s. This coefficient [i repres- 
ents how fast the maximum polarization is 
achieved, which depends on temperature T. We 
assume (l/p) goes with T -‘. as does the temper- 
ature dependence of the lattice relaxation time, so 
p(T) = 0.004851 T’. We can setup an equation: 

(10) 

We see immediately that as long as we have the 
temperature-dependence T with time t, we can 
solve the above equation and evaluate the polariza- 
tion dependence. The first thing is to solve for T(t). 



t 

O.%. 

0.6.- 

Pal ‘. 

0. 

o.c- 

0. 

0.2-- 

NH3 Saturation FWarization in Microwave 

Fig. 3. NH3 maximum polarization versus temperature. 

2.2. Target temperature variation in beam 

When an electron passes through a target, it loses 
energy by ionization and bremsstrahlung. The lat- 
ter process dominates when the electron energy is 
large, as in this case. However, it is mainly the 

ionization loss that results in energy transfer into 
the target in the form of heat. For electrons in the 
energy range from 9 to 3OGeV, the ionization en- 
ergy loss is approximately independent of the beam 
energy and may be taken as 2 MeV g- ’ cm2. But 
because the electrons may be knocked out of the 
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target, the actual heat transferred to the target is 
less. Measurements of the heat transfer made at 
Mainz [IS] indicate that roughly 60% of the ioniz- 
ation energy is actually deposited into the target 
and we therefore use a value of 1.2 MeV g- ’ cm”. 
The following is a list of the thermal properties of 
NH3 at low temperature, which were also obtained 
from Mainz: 

Specific 1.58 x IO-“J K-“IMolT 
heat C,: = 8.8 ~10-~Jg-’ K4T3=CPOT3 

Thermal 
conduc- 2.3 x 10d3 Wcm-” Kw4T3 = LOT3 
tivity i_: 

K apitza 0.28~10-*Wcm-~K-~at1.lK 
alpha R,: 

Density p: 0.9 17 g/cm3 

R, is defined as [lo]: 

heatflow 
= R,(T” - T;,. 

area 
(11) 

where T, is the bath temperature. A value of R, was 
measured at Maim and gave 2 x lo-* W cm-’ K-3 
at 1.1 K. This value has large uncertainties and 
is valid only for small temperature deviations. 
Using this original value, the calculated depolariz- 
ation for NH3 is smaller than what was observed. 
For this calculation, we use a value of 
0.28 x low2 W crne2 K4 which is obtained by 
matching the calculation with our observed data. 

At a beam intensity of 4 x loge-/pulse, the heat 
deposited in one bead during one beam pulse be- 
comes 

AE = 1.2 MeV cm’/g x 4 x lo9 x $$rbead 

= 1.2MeVcm’/gx4x109 

xfx0.917g/cm3x0.7mm 

= 6.6 x 10 - ‘J. (12) 

So the heating power per unit volume during the 
spill is 

0 = 6.6 x lo- 5 J/(&(0.07 cm)3)/2.3 ps 

= 2.0 x IO4 W/cm”. (13) 

Beam heating of the target has two effects. First of 
all, it will raise the 4He bath temperature. This 
effect is very small as confirmed by the ‘He and 3He 
manometer readings during the experiment. Thus, 
a constant bath temperature of Ts = 1.1 K is as- 
sumed. Second, the bead temperature will be higher 
than that of the bath, and will vary with time. 
A rough estimate of the temperature rise of one 
bead after the beam pulse can be made by assuming 
that there is no heat transfer from the bead to the 
bath. The mass of one bead is JR = 
$r(O.O7 cmj3 x 0.917 g/cm3 = 1.3 x lo- 3 g, so the 
final temperature T after the beam pulse is given 

by 

3x 1.3x 10-3gx8.8x 10-6Jg-‘K-4T* 

=6.6x lo-‘J (14) 

which gives T = 12.3 I(. For a more accurate esti- 
mate we setup a Fourier equation, in which we 
assume spherical symmetry as an approximation so 
that the temperature T of the bead is only a func- 
tion of radius r and time t. The equation is 

with the boundary condition 

R&‘k,ead~ tIS - Tiil = - ;vg r=rh.+,,. (16) 

where I_’ is the bead density, 0 is the heating power 
of beam on the beads per unit volume. First, con- 
sider the equilibrium case when ?l’/?t = 0. Then 
the time-dependence drops out and the above 
equation reduces to 

(17) 

with the same boundary condition. Assuming E, to 
be constant, this equation can be solved to yield 

Computing the quantity (T(rbend) - 7’,)/(T(O) - 
T(rbead)) we have 



8 T-J. Liu et al. likl. Instr. and Meth. in Phys. Rex A 405 (1998) I-12 

where AI,1 k is the value of i at T = 1.1 K, and the 
inequality comes from the fact that /i is an increas- 
ing function of T and the average T inside the 
volume is greater than the bath temperature. Put- 
ting in the value of all the parameters at 
Tn = 1.1 K, we find F(e) $ 1, which suggests that 
the temperature variation within the bead is small 
compared with the drop at the surface. So, as 
a good approximation, assuming that the temper- 
ature is constant within the bead, and labelling it as 
T(t), we can setup a differential equation 

- 4m&_,Rrr( T4 - T$) 

which simplifies to 

(W 

3(T4 - G!) 

rbead 
(21) 

Using the corresponding values, the above differen- 
tial equation can be solved with the initial condi- 
tion 7’(O) = 1.1 K. e is taken to be 2.0 x lo4 W/cm3 
for the first 2.3 ps, zero for the following 1.98 s, and 
it then repeats itself. The above equation can be 
parametrized to give 

nT3 g = b - c(T4 - d4) (22) 

with the initial condition that T = To at t = to, 
where u, h, c and d are known constants. It has the 

o.@- 10.8 10’6 1ly lo.* loo lo* lo4 
Time in second 

Fig. 4. NHJ bead tetnpcrature variation in beam. Beam comes 

at time t = 0 and goes away after 2.3 tts. 

following solution: 

T=($b+cd4+exp( -4(r~ro’c) 

1) 
114 

x (CT: - b - cd4) . 

Substituting in the values of a,h,c,d with to = 0 at 
T, = 1.1, we get the solution of T for the first 2.3 us, 
which gives 7’ = 12.1 K at t = 2.3 us. Then, for 
2.3~s < t < 1.98s substituting h = 0 into the 
above equation, we get 

T=~+ex,( -4(t;iu)‘)(T:,-d4))“4. (24) 

with the initial condition To = 12.1 (K) at 
to = 2.3 x 10m6(s). The overall temperature profile 
in one cycle is shown in Fig. 4. Notice that after 
the beam is gone, T stays at high temperature for 
about 0.1 ms, then goes down to the bath temper- 
ature. For t > 1.98 s, the periodic function T simply 
repeats itself. 

Note that we have used a value of R, which is 
different from that measured at Mainz. In fact, 
because of the large temperature excursions in 
a bead. the heat transfer may move from the nu- 
cleate boiling regime to the film boiling regime. In 
this case, the use of Eq. (11) is not appropriate. The 
difference between the value of R, measured at 
small temperature deviations and the fitted one is 
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0.74 

0.66 
0.0 200.0 400.0 600.0 8 

Time in second 
0 

Fig. 5. NH, bead depolarization when beam turned on at time 
t = 0. 

likely evidence for such a transition. However, we 
stress that. the general temperature and polariza- 
tion profile are not altered by such considerations. 

2.3. Depolarization calculation 

Now, the depolarization effect can be calculated 
using Eq. (10). Now that the time dependence of 
T is known, B(T) and P,,,(r) both become known 
functions of t. Eq. (10) has the following solution: 

p(t) = e X,B dt 
, 

BP,,,ePf:~ad’dt + POe-j:,Bdr (25) 
J to 

with the initial condition that P = PO at t = to. The 
solution of the above equation is shown in Fig. 5. 
With beam on, the initial target polarization of 
75% drops off for the first IOmin or so, and then 
oscillates around 67.7%. Fig. 6 is a magnified view 
of the initial polarization behavior, and Fig. 7 is 
a magnification of the region where the polariza- 
tion settles down. These figures show that as the 
polarization drops, the total amount of depolariz- 
ation in one cycle does not change much when the 
bead temperature is high. This is because the ma- 
terial tends to depolarize exponentially to a rela- 
tively low polarization value, and a small drop in 
polarization does not significantly change the slope 
of the depolarization curve which determines how 
fast it depolarizes. During the rest of the cycle when 

0.7500 -.__._.. -- -- - 
1 

0.7490 1 I i 

g 0.7460 
‘Z 
w 
3 
g 0.7470 

z 
P 
g a.7460 

LM-.--- 
/ 

I 
,__ _- - 

.__-.- -.- 
! 

0.7450 

0.7440 i--q--- 

1 
-__IL___ 

0.0 4.0 6.0 8.0 
Time in second 

Fig. h. Early stage of NH, bead polarization drop after beam 
turned on. 

0.6780 

0.6778 

5 0.6776 
i= 
g 0.6774 

z 0.6772 
0’ ‘zz 
.$ 0.6770 

$j 0.6768 
a 

5 0.6766 

’ 0.6764 

0.6762 

0.6760 
1C 

--T--r----- -- ’ 

_i..__~L 

1.p lo* IO” io< 10" 10' to’ 
Time in second 

Fig. 7. NH, bead polarization variation in one cycle after sett- 
ling down. 

the bead temperature has cooled down close to that 
of the surrounding 4He bath, it attempts to poiarize 
back to the original 75% polarization and the slope 
gets steeper as it gets further away from the origina 
value. Hence, the average polarization in each cycle 
continues to drop until the latter process is able to 
compensate the former. The average target polar- 
ization during the beam pulse is calculated to be 
67.748% (this is what beam really sees), and over 
the entire period, the average polarization is 
67.701% which is slightly less [this is Pr in Eq. (I)]. 
The ratio of them is 1.0007 which is very close to 1, 
which justifies treating the two quantities as equal 



previously. For different beam intensities, calcu- 
lations show that the depolarization (Pinit - P,,,,) 
approximately scales with the beam intensity. 

3. ~ptjmiz~tion of running conditions from the 
model 

3.1. Maximizing the figure of merit 

The Figure of Merit (FM) for optimizing experi- 
ments of this nature is defined as FM s P’I, where 
P is the target polarization and I is the beam 
intensity. 

From the above model, depolarization approx- 
imately scales with the beam intensity I, 

P(I) = P,,, - cl, 

where c is a constant. Then one has FM,,, = 

(4/27~)~~~~ at P(l) = QPma,. The maximum of FM 
occurs when the depolarization is 5 of its original 
value. Of course, when determining the optimal 
beam intensity, things other than FM have to be 
considered as well. 

3.2. Minimizing the depolarization at constant beam 
intensity 

The constant c in the above formulae is the 
depolarization at constant beam intensity, and can 
be minimized based on this model. 

Depolarization is approximately inversely pro- 
portional to R,. From Eq. (21), reducing the 
bead size is equivalent to increasing R,. How- 
ever, the concomitant reduction in channel size 
between beads mitigates this effect. It is known 
that the conductance of super fluid is reduced 
while the channel size is reduced [ll]. Thus, the 
optimal bead size is a result of two competing 
effects. Published data Cl23 for a 3He/4He mix- 
ture at OSK shows the change in achievable 
polarization with bead size, with and without 
beam. 
Depolarization is also approximately inversely 
proportional to the raster area S,,,, which deter- 
mines how soon the beam comes back to the 
same point. Increasing the raster area reduces 

the depolarization as well as the beam heating 
correction. 

At a given beam intensity I (in units of C/s and 
f cc ~(~~~~/~~~~)~~=~), S,,, and bead size, one can vary 
the variables rpUI. &, and instantaneous heating 
power tj( cc (Ijd S f beam)) (where df is the duty cycle) 
to further minimize the depolarization, as long as 
Q(fpul/tnep) remains constant. With the same initial 
75% polarization. results for the NH3 target in 
various cases are shown below, to be compared 
with the El43 case (75% -+ 67.7%): 

Keep tpui constant and vary tscg for 0) by varying 
S beam Then fsep changes according to: 
t sep = (t,ulld,)(s,,,/s,,,,). BY doubling the beam 
spot area, it depolarizes to 67.9%. Increasing the 
beam spot area to the raster area (then raster 
becomes unnecessary), it depolarizes to 70.9% 
instead. 
Keep rsep constant and vary rpUt (or 0) by varying 
df, according to rpul = t~~*d~~S~~~~~S~=~). Reducing 
or increasing dr by a factor of 2tX4 the depolariz- 
ation does not change. The reason is obvious 
from Fig. 4, which shows that most of the time 
when the bead is at high temperature occurs 
after the beam pulse has gone, so it is the time 
after the beam pulse which dominates the tem- 
perature profile, and hence the polarization vari- 
ation. In the case of El55, the bead will reach 
about the same maximum temperature after the 
beam pulse. because the same number of elec- 
trons will deposit the same amount of heat, and 
the heat removal in both cases is very small. 
Therefore, the temperature profile after the pulse 
wiI1 be almost identical in both cases, and hence 
the depolarization effect wilt be the same. How- 
ever, when df = 1 (the continuous wave case), it 
only depolarizes to 70.7%~ 
Keep 0 constant and vary tpul (or fsep). 

l This is relatively hard to do in the pulsed 
beam case at a fixed repetition rate, but still 
achievable by varying df and Sbeam, while 
keeping the product constant. In this case, 

“Similar to the conditions in SLAC experiment El55 which 

fan in early 1997. 
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Fig. 8. NH3 bead polarization oscillation in continuous wave beam, with raster frequency of IOHz 

rPul x l/dr. The depolarization does not 72.0%. When the raster frequency goes to 
change much unless the changes are signifi- infinity, minimal depolarization occurs, de- 
cant, as seen in the previous two cases, when creasing to only 73.7% regardless of the beam 
changing df and Sbeam separately. size. 

l In the continuous wave case, it can be done 
simply by varying the amount of time spent at 
each raster position. In this case, the time 
scale for temperature rise in beam and its 
drop after the beam is gone is of the order of 
10ns. Calculations show that the depolariz- 
ation is insensitive to raster frequencies be- 
tween 10 and lOOOHz, but the polarization 
oscillation grows larger with lower frequency, 
see Fig. 8. To avoid this, the raster frequency 
should be larger than 1OOHz. On the other 
hand, when the raster frequency is large 
enough to cut into the 10ns time scale, the 
depolarization becomes smaller. At a fre- 
quency of IO5 Hz. it only depolarizes to 

4. Conclusions 

Due to the target depolarization from beam 
heating effects, the NMR measured target polariza- 
tion can be larger than seen by the beam, and 
a correction must be made for this depolarization. 
This difference can be reduced by: 

1. A larger raster area. 
2. A different bead size. 
3. A larger beam spot size. 
4. Using continuous beam, with raster frequency 

2 1OOHz. 
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