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1. INTRODUCTION

The properties of the nuclear levels excited by the capture of slow

neutrons constitute one of the oldest and most thoroughly studied areas in

nuclear physics. Neutron spectroscopic techniques have been used to deter-

mine many level parameters such as energy E , neutron width F , radiation

width F , fission width Tni spin j, and parity for practically all stable

and some radioactive nuclei. However, the magnetic moment \j,. of a compound

nucleus could not be experimentally determined until recently. The earlier

methods of determining the nuclear magnetic moments were not suitable for

levels with a lifetime of the order of 10 sec, characteristic of neutron

resonances.

1 2
F. Lo Shapiro * suggested that the magnetic moments of compound nuclei

can be determined from the resonance shift due to the hyperfine interaction

of polarized neutrons or polarized nuclei. Two types of experiment are

feasible. The first involves the transmission of polarized neutrons through

a nonpolarized target in an external magnetic field in order to orient the

internal magnetic field of the nuclei. The second consists in passing an

unpolarized neutron beam through a target whose nuclei are polarized in an

internal magnetic field. The magnitude of the resonance shift (compared

with that when polarization is absent) in these two cases is givey by
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Here AE is the resonance shift, H is the magnetic field surrounding the

nucleus, f and f are neutron and nuclear polarization, I is the spin of

the target nucleus, j is the spin of the compound nucleus, and u, and u,.

are the magnetic moments of the appropriate states- A paucity of data makes

both experiments very difficult to perform. In fact, when the internal

field is very high (H = 10 Oe) and when the magnetic moment (j, is equal

to one nuclear magneton \i, , the quantity |xH, which represents the magnitude

of the shift when \i. - a, = a- , is only 3 x 10 eV, whereas the character-

istic resonance width of heavy nuclei is nearly 10 eV.

3

Beckurts and Brunhart were first to determine the magnetic moment of

a compound nucleus. They used Er , which has a strong internal field

H = 7 x 10 Oe, as a target nucleus and 0.460- and 0.548-eV neutron reso-

nances convenient for measurement. By using polarized neutrons and an

unpolarized magnetized target, they determined the magnetic moments of

the two indicated states: p,, (0.460) = (-0.45 ± 0.74)o. and (j,.(0.548) =

(5.9 ± 1.

The first is close to the magnetic moment of the target nucleus

|j, = -0.56 |i , while the second is much higher.

In view of the importance of these data and the lack of corroborating

information, we measured the magnetic moments of these states by using a

different technique: we compared the transmission of unpolarized neutrons

through a polarized and an unpolarized erbium target.
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2 . EXPERIMENTAL PROCEDURE

Time-of-flight measurements were conducted with use of the IBR-30

4
pulsed reactor of the JINR under the following conditions: neutron pulse

time 70^sec, frequency 4Hz, average reactor power 25 kW, and flight path

58.5 m.

The experimental arrangement is shown in Fig. 1. An unmagnetized

plate made from metallic erbium, which is ferromagnetic at temperatures

below 20 K, was used as a target. Since deep cooling of the target re-

sults in strong polarization of the nuclei, while the target itself remains

unpolarized, resonance shifts can be more easily observed. The target was

60 x 100 mm and 0.2 mm thick (n = 1.5 x 10 Er nuclei per cm ). The

cryostat containing the target and situated 32 m from the reactor consisted

3
of a refrigerator, similar to that described in Ref. 5, in which He was

4 3 4

dissolved in He . Since direct cooling of the target by He in an He solu-

tion was not feasible in this case, the target was placed in a container
4

filled with liquid He and separated from the solution bath by a copper
wall. To improve the heat conductivity between the target and the solution

the surface area of this wall was greatly extended in the direction of the

4
solution and in the direction of the He . The temperature of the target

was monitored by carbon thermometers manufactured at the Institute of

Physical Problems of the Academy of Sciences of the USSR. The thermometers
4

were immersed directly in liquid He in the container with the target. The

o
temperature of the target was maintained at T = 0.02 K, which at I = 7/2

and \j, and H values quoted above provided a polarization f - 0.97. To

destroy the polarization the target was heated to T ̂  0.5 K, which left a

residual polarization of f - 0.12. Since about an hour was required to
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change the temperature, measurements with and without polarization could

not be made rapidly. We changed the temperature after about three hours of

measurements. Since the measurements were infrequent, the stability of the

equipment was critical. We therefore placed a rhodium filter in the beam,

whose 1.257-eV resonance was tied in with the time scale of the analyzer.

In addition, the neutron beam was bifurcated by a collimator with two 50 x

2
80-mm windows in such a way that one beam was transmitted through the main

target described above while the other was passed through a similar erbium

t.arget in the same cryostat, maintained at constant temperature T * 10 K.

Since the collimator1s windows were 40 mm apart, both beams were monitored

by the same detector. A beam plug was placed behind the cryostat, which

alternately cut off the beams <, The spectrum was therefore recorded in the

first or the second half of the time analyzer's memory. Thus, in addition

to the main measurement in which the resonance shift due to polarization

was determined, we conducted a check measurement which showed zero resonance

shift.

To make maximum use of the neutron beam intensities, we upgraded the

efficiency of the recording equipment to operate in a mode close to 5 x

10 liters/sec.

We used the current recording method, which is free of errors associ-

ated with insufficient high-speed capability of the equipment.
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3. MEASURING EQUIPMENT

Figure 2 is a schematic of the measuring facility. The detector (1)

and the integrator (2) are located in the experimental hall. The integrator

is connected to the analyzing facility by ̂ 1-km-long cable lines (3). The

analyzing facility located at the laboratory's measuring center consisted of

a 128-channel pulse-height coder (4), a 1024-channel time coder (6), a

2048-channel memory unit with a channel capacity of <M35,OOO (5), and a

control unit (7).

A liquid scintillation (n,y) detector 210 liters in volume with a

30-cm-diam cylindrical channel dlong the neutron axis was used <~s a neutron

detector. A set of Plexiglas disks and a mixture of rare-earth elements

with a large radiative capture cross section were placed in the channel.

The scintillator was scanned by 12 FEU-49 photomultipliers.

The output of the parallel-connected FEU-49 photoraultipliers was

connected to the input of the current integrators. The capacitors of the

integrator were charged by the FEU current for 60 |j,sec (width of the time

channel) and then were fully discharged by a channel pulse transmitted by

a cable from the time coder. The amplitude of the voltage pulse at the

integrator1 s output is linearly related to the magnitude of the current

if the input current is sufficiently high. The sensitivity of the inte-

grator in the linear region was *«15 V/mA. A dc voltage was supplied to

the integrator to ensure linear operation of the measuring equipment.

The pulses from the integrator's output were transmitted by cable to

the pulse-height coder, which was triggered by the channel pulses. A

parallel, 7-digit binary code from the pulse-height coder was fed to the

memory unit. The time coder, which was responsible for the transfer of
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the codes from the pulse-height coder to the memory unit, was triggered

by the starting pulse, which was synchronized with the neutron burst of

the reactor.

9
An Al-2048 analyzer converted to suit our operating mode was used as

a memory unit. The numerical register of the analyzer was converted to a

9

9-digit half-adder which enabled the operation "+ n" (n ^ 2 - 1) to be

performed instead of the usual arithmetical operation "+ 1". In addition,

the analyzer was geared upon command from the control unit to record the

data from the pulse-height coder in either the first or the second half

of the memory unit.

The control unit automatically switched the plug from one beam to

another and locked into the appropriate half of the analyzer's memory.

The measuring equipment was blocked ouf. when the beam plug was moved. The

duration of the continuous measurement with each target and the number of

such measurements were determined by the control unit on the basis of the

specific number of starting pulses. The tiiae for each measurement was

chosen so as not to exceed the capacity of the time analyzer's channel.

After the measurements were completed, the information was transmitted

from the analyzer through a set of couplers to the BESM-4 electronic

computer for storage and analysis.

4. MEASUREMENT AND DATA ANALYSIS

The spectra for the two targets were measured as follows. The con-

tinuous measurement time with each target, based on the 100 starting pulses,

was ~30 sec (including the time required to move tne beam plug). A set

consisted of 16 such measurements with each target and required about 20min.
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After completion of the measurements the spectra from the analyzer were

fed into the BESM-4 computer. The following measurements were made.

Eight measurements over a period of ~3 hr were made at constant temperature

of the target. The tempera tu?:e of the main target was then changed and eight

more measurements were made under the new conditions. Two such 3-hr measure-

ments, which differed in the temperature of the main target, yielded two pairs

of spectra (for the main £oid control targets). Figure 3 shows one of the

spectra. The measurements yielded 25 pairs of spectra in all.

To estimate the accuracy of the results and reject those that were un-

satisfactory because of equipment malfunction, we analyzed each pair of

spectra individually rather than the bulk of accumulated information. Since

the pairs of spectrf. obtained for each target are independent insofar as

their random errors are concerned, the resonance shifts for erbium deter-

mined from them should reflect the accuracy of the measurements.

To determine the resonance shifts for erbium, we analyzed the pairs

of spectra as follows. Let F. and F. be the number of counts in the ith

channel of the time analyzer for the two pairs of spectra. Since these

spectra were probably measured under different conditions each time, to

introduce the necessary corrections we used the part of the spectra con-

taining the control resonance for rhodium. A new spectrum was produced

from the appropriate part of the spectrum F.:

F.T= [ F* - -^- A I '] A + * . (5)
• • a t -

The derivative in this case was determined numerically:

6 Fi _ F'+i " F » - i , (6)

dt 2 t
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where T is the channel width of the time analyzer. The parameters At, k,

and 0, which characterize the average change of the analyzer's time scale

and of the reactor power, the detector's efficiency, the background, etc.,

were determined by the least-squares method by combining the F. and F.

spectra.

To determine the resonance shift for erbium, we modified the F.

part of the spectrum, which contains these resonances, in the following

manner;

F'T=lF* - ^
d t

7 ^

Here E n i and E__ are the energies of the erbium resonances. The energy

resolution for the resonances of interest was good enough to enable us

to use the following expressions for the derivatives:

„* d" oF* 4 do .
, - n F — ; L^. = _ „ f' __—L , (8)

1 AH AC < J P V /».*..

2

where n is the number of nuclei per cm of the target and er is the neutron

cross section defined by the Breit-Wigner formula with parameters taken

from Ref. 10 and given in Table 1. The energy shifts AE Q 1 and AErj2 were

determined by the least-squares method after combining the appropriate

parts of the F. and F spectra with the parameters At, k, and 0 determined

earlier. To control the inherent consistency of the results, we used a

calculation method in which only the parameter At was fixed to determine

the parameters k and ^ together with the resonance shifts for the erbium

part of the spectra. Special attention was given to the effect on the
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resonance shifts of the possible errors in the constants used for cal-

dF* dF*
culatine the derivatives and . It is shown that these

* * ., * E 0 2
errors have practically no effect on the shift.

Of the 25 main and control pairs of spectra obtained 5 were rejected

because of unsatisfactory agreement of the rhodium resonances. The remain-

ing 20 pairs, which were refined by the method outlined above, yielded the

resonance shifts for erbium. The results of this work are presented in

Fig. 4 in the form of AEni and AE distributions for the main (T = 0.02;

0.5°K) and control (T = 10; 10°K) pairs of spectra. On the basis of the

distributions obtained, we calculated the average shifts AE and their exper-

imental dispersions D = 2 (&.E —& E ) 2, where n = 20 is the number

of analyzed pairs. This figure also shows the normal distributions for the

calculated AE and D. The experimental dispersions exceed by a factor of 1.5,

on the average, the dispersions calculated by a computer when analyzing the

individual pairs of spectra, which essentially depend on the statistical

number of counts in the analyzer's channels. This shovrs that the random

errors due to equipment instability are small in the analyzed pairs. The

calculated average AE values and their errors, which were computed as errors

of the average 8 (£~E) = \/-~- are equal to (T = 0.02; 0.5°K) AE(0.460) =

(27 ± 7) x 10"6 eV; AE(0.584) = (44 ± 16) x 10'6 eV for the main pairs of

spectra, and (T = 10; 10°K) - AE(0.460) = (-0.4 ± 6) x 10"6 eV; AE(0.584) =

= (-11 ± 14) x 10" eV for the control pairs.



-10-

5. ADDITIONAL CONTROL EXPERIMENTS AND ESTIMATES OF POSSIBLE SYSTEMATIC
ERRORS

We used one of the additional control experiments to check the

accuracy in determining '".he magnitude of the shift. To do this, we

conducted measurements with previously determined resonance shifts for

erbium. The Doppler effect was used to obtain the fixed resonance shifts

by rotating the sample in the neutron beam in such a manner that it would

produce an average component of the target velocity along the beam axis.

The obtained results, AE(0.460) = (-124 ± 10) x 10" eV and AE(0.584)

= (-156 ± 15) x 10 eV, are reasonably close to the predicted ones:

AE(0.460) = (-150 ± 16) x 10~6 eV and AE(0.584) = (-170 ± 18) x 10"6 eV.

In the other control experiment we determined the time required to

achieve nuclear polarization f in the domains after changing the tempera-

ture: regime. To do this we measured the transmission of neutrons through

the main erbium target situated in the external magnetic field with H =

16 kOe. The average polarization of the magnetized target was f = cf .

The intensity of magnetization of target c, which depends on the intensity

of the magnetic field and the magnetic rigidity of the material, is

assumed to be constant in this temperature range. The value of f and f ,

with accuracy to constant c, can be determined by comparing the resonance

transmissions T and T in the presence (T ) and in the absence
magn main magn

(I . ) of a field around the target:
main

TH
——— = cos h ( n f H p a ) ,
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vhere a is the resonance cross section without polarization.

f o r < *• / + —

f o r / = / —

2

We conducted several additional 10-rain measurements immediately after the

temperature of the thermometers had been established. These measurements,

taken at different temperature regimes, showed that, at this rate of

temperature change, no more than several minutes were required to establish

f (after establishing the thermometers' temperature).

Since the resonance shift is small, precise determination of the

systematic measurement errors due to extraneous factors is essential.

Since the measurements were conducted at different target temperatures,

we analyzed the following effects which can produce a temperature depend-

ence having a resonance shape and distort the result:

1. Thermal expansion of the target.

2. Temperature change of the Doppler resonance broadening.

3. Change in the resonance shape due to the temperature dependence

of the average residual nuclear polarization of the target.

The first two effects must be vanishingly small because the tempera-

ture of the main target is very low and changes insignificantly. None-

theless their contribution was checked experimentally. We also conducted

measurements when the temperature of the main target was 4 and 10 K. At

these temperatures there is practically no nuclear polarization and hence

the effects being observed are more pronounced. Since the obtained results,
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AE(0.460) = (-8 ± 12) x 10"6 eV and AE(0.584) = (8 ± 17) x 10"6 eV,

were consistent with the zero shift, we excluded the first two effects.

The following may be said about the average residual polarization.

By studying the shape of the observed resonances we noticed that the aver-

o
age residual polarization of the target at T = 0.2 K did not exceed

several percent. Calculations showed that this residual polarization has

practically no effect on the resonance shifts determined by us.

6. RESULTS

On the basis of the above analysis we conclude that the observed

resonance shifts are caused by the specified effect.

The magnetic moments of the compound states of Er can be calcula-

ted from the quoted resonance shift by using Eqs. (3) and (4), provided

that the difference f (0.02°) - f (0.5°) = 0.85 is used instead of f . By

setting H = 7.1 x 10 Oe, p^ = -0.56^,, j(0.460) = 4, and j(0.584) = 3, we

get the following values for the magnetic moments of the excited states

of Er 1 6 8: |x.(0.460) = (0.9 ± 0.4) ^ and u.. (0.584) = (1.8 ± 0.9) ^. These

values are markedly different from those in Ref. 3. In particular, the

very large magnetic moment of the 0.584-eV resonance, set at (5.9 ± 1.2)u.

in this reference, is untenable. Although the reason for this discrepancy

3

is difficult to determine, Beekurts and Brunhart in transmitting polar-

ized neutrons through a magnetized target noticed that magnetic neutron

scattering, which interferes with nuclear scattering, introduces an

additional uncertainty in measuring u,..

The results obtained by us are compatible with current theoretical

concepts of the magnetic moments of the compound states of nuclei, which,

as shown in Refs. 11 and 12, are not greatly different from those of the
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single-particle states.

In conclusion, we would like to take this opportunity to thank

I. M. Frank for his interest in this work and useful discussions, and

B. A. Rodionov and B. N. Solov'ev, who were most helpful in setting up

the equipment.
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Figure 1. Experimental arrangement. (1) Vacuum neutron guides,
(2) collimators, (3) cryostat, (4) erbium targets, (5) plug, and
(6) detector.
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Figure 2. Block diagram of the measuring equipment. (1) Detector,
(2) integrator, (3) cable lines, (4) pulse-height coder, (5) memory unit,
(6) time coder, (7) control unit, (8) computer, and (9) beam-plug
transport system.
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Figure 3. One pair of spectra, t is the number of the 16-u.sec
time channel and N is the number of neutrons recorded in the
channel.
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Figure 4. Distribution of the experimental values of AE for the
main and control pairs of spectra.
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