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I APPLICATIONS OF RESONANCE-AVERAGED GAMMA-RAY SP1ICTROSCOPY

WITH TAILORED BEAMS

R. E. C h r i e n

Brookhaven National Laboratory, Upton, New York, 11973, USA

A b s t r a c t : The use of techniques based on the direct

experimental averaging over compound nuclear capturing states

has proved valuable for investigations of nuclear structure.

The various methods that have been employed are described, with

particular emphasis on the transmission filter, or tailored

beam technique. The mathematical limitations on averaging

imposed by the filter band pass are discussed. It can readily

be demonstrated that a combination of filters at different

energies can form a powerful method for spin and parity predic-

tions. Several recent examples from the HFBR program are

presented.

1. Introduction MASTER'
Neutron capture gamma—ray spectroscopy has proven over the

years to be a valuable tool for nuclear spectroscopy. Since

the pioneering work of Groshev et al.*' and Kinsey and

Bartholomew2), a fairly large effort has been directed toward

exploiting this technique with many research reactor and

accelerator-based neutron sources-3'. Keeping in mind that

the goal of the nuclear spectroscopist is the firm assignment

of excitation energies, spins, parities, moments, and other

properties of nuclear levels, however, it is obvious that there

are serious limitations which nature has imposed on the use of

the (n,y) reaction for spectroscopy. . „ -

Let us review some of these limitations. First of all

neutron sources are relatively weak compared to charged
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particle beams, except in the thermal neutron region, where

reactor fluxes are sizeable. This problem has severely limited

the use of neutron time-of flight techniques in spectroscopic

studies, because the required source strength is lacking—in

fact by something like 4 or 5 orders of magnitude*).

Another problem arises because of the nature of compound

nucleus resonances and the neutron reaction mechanism. While

there are many examples of direct or valence neutron capture

effects to be found in the literature^) , it is clear that for

the typical reaction on a medium to heavy nucleus, the non-

Statistical effects can be largely ignored, except in special

circumstances. In this talk, in fact, I wish to avoid

discussion of such special cases, and consider the much more

common case of purely "statistical capture", which is charac-

teristic for example in the rare earth region 140 < A < 190.

If it is accepted that the capture occurs through a well-

defined compound nucleus resonance, with a long lifetime, it is

plausible that the partial radiative widths for such a set of

resonances to some particular final state display a "Porter-

Thomas", i.e., chi-square with v«l, distribution. The mathe-

matical implications of this will be discussed in due course,

but to make the point concerning the limitation, we simply

observe that the v=l distribution is very wide and that its

aost probable, or modal, value is zero. Thus not all final

states can be populated from a (n,y) reaction—in fact most

final states will be weakly populated.

A third limitation can also be viewed as an advantage in a

certain sense. Because of the statistical nature described

above, the decay of a compound nuclear resonance is nop-

selective; i.e., not dependent on the nature of the final

states. Thus collective or single particle states can be popu-

lated equally well, since the matrix elements for transitions

between the complex initial states and the final states are

statistically distributed, containing no information on the

structure of the final state. This is in marked contrast, for

example, to nucleon transfer reactions which selectively



populate single particle states. No Information on final state

structure is available from the magnitude of radiative partial

widths; on the other hand, since the reaction is non-selective,

it populates all states in a certain spin-parity range,

irrespective of their structure. This quality makes the (n,Y)

reaction a useful one for nuclear model testing**).

In view of these limitations, the use of (n,y) spectra

from individual resonances, or from thermal neutron capture,

has had only a limited impact on nuclear structure questions.

Only by accumulating results from many resonant states can the

wide Porter-Thomas distribution be overcome. This accumulation

can be done with the technique of resonance-averaged gamma-ray

spectroscopy.

II. Practical Implementation of Resonance-Averaging

Internal Target

The principle of resonance-averaged neutron capture y-ray

spectroscopy was first suggested by Lowell Bollinger at the

1966 Slow Neutron Capture y-ray Conference at Argonne National

Laboratory^). The Argonne method consists of installation of

an internal target in the reactor. This was done at the CP5 in

a through-tube. To suppress the very large thermal contribu-

tion, the internal target is surrounded by a shield by B.

The epithermal fraction is able to penetrate the boron shield,

and the y rays following neutron capture escape via the

through-tube and are registered in a detector outside the reac-

tor. The internal target arrangement is able to take advantage

of the high reactor flux—10 to 10 neutron/cm /sec.

The essential feature of this arrangement is its broad

energy span. With a target possessing a reasonably high

density of capturing states, the broad energy range means that

captures will occur in a number of resonances, the number being

approximately given by AE/D, whose AE is the range and D=l/p,

the capture state level spacing.



Fig. 1. The effects of averaging on the

radiative transition probabilities,

Figure 1 illustrates the effect of averaging for the case

of 1, 3 and 10 resonances. The single resonance capture case

shows the wide v = l distribution with a model value of zero and

a diverging probability density as x+0. For as little as 3

resonances averaged, the probability density approaches zero at

x=0. For a large number of resonances, the distribution func-

tion becomes more and more Gaussian, centered at unit mean and

with a standard deviation of (2/N)l/2, when N = the number of

contributing resonances.

If we believe that the capture widths obey these distribu-

tions, we can readily grasp the usefulness of the averaging

process: in the Unit N+~, each final state is uniformly popu-

lated and all fluctuations (except experimental errors)

disappear.

There are, however, very few nuclides that can be examined

this way, because of the severe limitations imposed by the

internal-target boron filter arrangement. Besides the practi-

cal problems of inserting sizeable samples into reactors



(sample heating and sample burn-up) there is the fundamental

limitation that the averaging interval obtained from a 1/E

spectrum incident on a boron absorber is not well defined—it

is centered at a low energy, about 100 eV, and has an appreci-

able high energy tail, out to several keV. Thus the averaging

properties are poorly defined and we require samples with very

large level densities to get reliable spin-parity information.

External Target

The difficulties associated with the use of internal reac-

tor targets, and with the poorly defined neutron spectrum which

they see have combined to make the external target arrangement

the method of choice for averaging. There have been a number

of quasi-monoenergetic neutron transmission beam filters

developed which provide the desired "tailored" beams. The

method was originated at the MTR reactor by Simpson et al.^)

and various filters based on scandium and iron were studied by

Greenwood and Chrien^).

The principle of the transmission filter is the use of the

interference minimum which occurs below a resonance cross

section; the minimum is due to destructive interference between

resonant and potential scattering amplitudes. A good example

is shown in Fig. 2, taken from Liou et al.*0), showing the

cross section in the region of the 24 keV minimum in Fe. The

most useful beam filters of resonance spectroscopy have been

those of scandium (om±n near 2000 eV) and 56Fe (om±a near

24300 eV).

The BNL tailored beam facility consists of three such fil-

ters arranged in a rotatable collimator plug so that each fil-

ter may be quickly inserted into the beam. The various filter

combinations are shown in Table I; a bismuth thermal filter is

available for a clean "thermal" beam with a high cadmium ratio.

Transmission profiles of the BNL scandium and iron-56 fil-

ters are shown in Fig. 3. The "purity" column of Table I

refers to the portion of the transmitted flux which occurs at

energies outside the dominant group; these arise mainly from

higher energy windows and are not a significant problem for



Table I

Filter

22.86 cm Fe
36.20 cm Al

6.35 cm S

68.58 cm Fe-56
(99.87%)

30.48 cm Fe-56
17.78 cm Al

Beam
Energy

24.3 keV

24.3 keV

24.3 keV

Width
(FWHM)

' 2.0 keV

1.0 keV

1.7 keV

Size
(cm*)

7.27

7.27

7.27

Intensity
(n/sec)

9.30 x 106

108

2.80X107

Purity

98

80

95

0.9 keV

Bi single crystal thermal Maxwellian

71.1 cm Sc 2.0 keV
(188gms/cm2)

7.27

<7.27
(variable)

4.75 X107 70

109

(n,y) spectroscopy. As can be seen from the table, the addi-

tion of an aluminum segment in the 24 keV filter causes a

significant reduction in the beam impurity.

With the available beam intensities in the 106 to 107

range as indicated in the table, these filters provide usable

spectroscopic tools for nuclear structure studies. Because of

their reasonably broad band-pass features, they offer good

averaging for nuclides with reasonably small level spacings—

say a few tens of electron volts or less. Furthermore the

external filters offer a very important advantage over internal

target assemblies—the neutron energy distributions are well-

defined, and readily calculable from previous cross section

measurements. Finally, the existence of two useful energy

ranges at 2 and 24 keV, introduces rather different admixtures

of 1=1 and 2=0 capture components, and thus their inter-compar-

ison will be valuable in fixing the parities of the final

states populated in the (n.y) reaction. We will demonstrate

that for many nuclides, the population of the final states by

primary transitions is dominated by sampling fluctuations for

the 2 keV case. At 24 keV, the correspondingly lower capture

cross sections combined with the available beam intensities
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Fig. 2. The 56Fe cross section minimum near 24.3 keV,

lead to transition fluctuations which are dominated by measure-

ment statistics, not sampling statistics.

III. Applications of the BNL Tailored Neutron Beams

The applications of the external beam geometry described

above depend upon the nuclear mass region being investigated.

For the purposes of the present review, three regions of inter-

est, each with its own problems, may be distinguished: 1) the

low-A region, A < 60. In this region true averaging is not

possible, since D is typically of the same order as the energy

width of the filtered beam. In this case one deals with one,

or a few resonances, within the filter band pass; 2) the rare

earth region A £ 150 £ 190 in which resonance averaging works

well; and 3) the actinides, where competition with fission

channels may be possible. In the following pages, examples for

each of these regions are given.
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Low A Targets

In these cases, only a few resonances may be present in

the filtered beam energy interval; usually the iron filter (AE

* 2000 eV) is more useful because it has a greater probability

of encompassing at least one resonance.

Because these targets have a relatively simpler level

scheme than is the case for heavier ones, one has a chance of

developing a level scheme which accounts for the bulk of the

(n,Y) strength. In these light A cases, one has the greatest

chance for an ambiguity between a primary y ray, and a high

energy secondary y ray. In such cases the filtered beam tech-

nique may be useful since primary transitions can be uniquely

identified by a direct comparison of the energy shifts among

the thermal, 2, and 24 keV spectra. A y ray which fails to

show the expected energy shifts is clearly not a primary y ray

connecting the capturing state and a definite final state. It

may be a secondary y ray transition, a background line, or pos-

sibly a transition following 0 decay in the product nucleus.

It follows that a filtered beam spectrum can be decisive when

combined with other measurements, in determining a level

scheme.

An example of a spectrum obtained for such a case is drawn

from the recent, unpublished work on Mn by L.-J. Yuan et

al.11) at the BNL HFBR.

Figure 3 shows the energy profile across the 24 keV Fe

filter (3rd entry in Table I). The arrows on this figure show

the positions of known Mn resonances in this energy region;

aside from the i=0 23.658 keV resonance, these are all p-wave

resonances.

The total capture yield of a resonance is given by the

following combination of parameters:

<rnrT/r),



If we compute the average energy at which capture occurs

in the Fe filter by using the above expression in the

relation :

<e>capture = /Y(e)ede / /Y(e)de,

we obtain <e> = 23.78 keV.

In Table II we show some results from Yuan et al.'s

measurements. Shown in thi_s table are transitions which popu-

late levels below 2000 keV in excitation, and which are present

at thermal, 2, and 24 keV. It can be easily seen from the

table that the neutron kinematic shift is readily observable

and is approximately 24 keV as expected.

In fact, Yuan et al. observe 54 lines at 24 keV (not all

are shown in the table). The average kinematic energy shift

expressed as,

S(EY) = EY(24) - ET(th),

gives S = 23.69 keV, which is in rather good agreement with the

estimate for the average capture yield energy of 23.78 keV.

For very precise f-ray energy determinations, and for

cases in which only a few resonances overlap the filter band

pass, it is even, in principle, possible to identify which

resonance is responsible for the main contribution to a given

transition, and thus to perform a crude neutron resonance spec-

troscopy without using time-of-flight or monochromatic neutron

sources.

The data of Table II also show an average shift of 1.72

keV for the 14 transitions shown as measured in the scandium

filter, which figure is « 15% lower than what night be expected

from the known Sc cross section minimum which is centered very

near 2 keV. There are several reasons why the observed enargy

shifts can be somewhat less than expected. Most important is

the energy loss which can be expected due to the use of moder-

ately thick targets, which exhibit multiple scattering



effects. The presence of room-return neutrons, and thermal and

resonance neutron backgrounds is another possible influence.

Nonetheless the data of Table II indicate that such effects,

while observable, are not large enough to degrade the utility

of the kinematic effect as a spectroscopic tool.

The entries of Table III are selected lines from the pre-

viously cited data of Yuan et al. which do not show any kinema-

tic energy shifts. These lines may thus fall into one of three

categories: a) they may be background lines unrelated to the

target; b) they may be lines associated with the 3 decay of the

product nucleus; or c) they may be secondary transitions

following neutron capture. Assuming that proper corrections

for contaminant backgrounds can be made, it is clear that the

tailored beams can be used unambiguously to establish the

nature of primary transitions.

Rare—Earth Region

For many nuclides in the region 150 <_ A <_ 200, the number

of resonances in the filter bandpass allows good averaging.

The resonance averaged cross sections are given by the

following expression^)

I
J , S.

The average cross section will be subject to sampling

statistics and the spread of the observed primary transition

probabilities will reflect the number of capturing states

contributing. It is straightforward, but tedious to evaluate

the above expression, subject to certain reasonable assump-

tions. These assumptions have been previously discussed in

some detail^). Briefly, we consider only S and P-wave

capture, and dipole transitions. We assume the validity "of the

Porter-Thomas distribution for neutron and ^-partial widths,

and we assume all strength functions to be spin independent. A



Table II

55Mn(n,Y)56Mnt

0
26.64

110.46
212.29
340.98
486.35
716.06
840.37
1165.88
1239.25
1292.6
1349.09
1509.07
1742.85

E^Cth)

7270 ± 0.04
7243.37(0.07)
7159.55(06)
7057.75(09)
6929.07(05)
6783.73(06)
6554.05(09)
6429.75(05)
6104.28(07)
6030.92(05)
5977.57(14)
5921.09(06)
5761.13(05)
5227.27(07)

Ey(2)

7271.35±0.06
7244.57(05)
7160.25(10)
7059.98(05)
6931.12(15)
6785.70(04)
6556.21(12)
6431.83(04)
6104.83(20)
6032.63(04)
5979.99(13)
5922.30(08)
5763.45(05)
5539.34(03)

Ey(24)

7293.55±0.28
7267.59(13)
7183.87(18)
7080.15(15)
6952.74(11)
6807.21(10)
6577.98(19)
6452.98(13)
6129.60(33)
6054.69(12)
6001.53(25)
5946.18(15)
5781.92(25)
5551.50(17)

tNotes: Energies are obtained relative to the Cl(n,Y)
standards of ref. 12. The quoted errors are statistically
fitt'ed errors and do not include a 0.2 keV reference error and
systematic errors arising from run inter-comparisons. These
data were taken with a Mn02 sample of 1.75 gms/cm and 3.76
gm/cm for the thermal and 2 keV, and the 24.3 keV spectra,
respectively.

Table III

E/2)

3143.78(17)
2959.91(09)
2871.39(15)
2676.55(09)
2330.31(08)
2112.64(01)
1808.46(01)

—
2959.76(35)
2872.58(32)
2676.31(36)
2330.06(13)
2112.47(03)
1810.03(03)

3142.32(29)
2960.33(11)*
2873.35(09)
2676.74(33)
2329.99(04)
2112.38(05)*
1810.21(03)*

* Refers to known beta decay lines
5 6-,

of 56Mn which populate
levels in Fe.



level density formula of the form,'

Dj = Do(2J+l)-
1 exp [J(J+l)/2a2]

is assumed. Finally a purely statistical deexcitation mechan-

ism is considered; that is, all widths are uncorrelated.

A Monte Carlo code has been constructed to evaluate the

fluctuations is <o±f(n,f)>. The code calculates the proba-

bility distribution of the population of a given final state f,

and its first and second moments, for all possible dipole tran-

sitions and for the appropriate sum of Z=0 and 1 = 1 capture.

For the BNL filters, we assume an averaging interval of 850 eV

centered at 2 keV (Sc) and 1900 eV, centered at 24.3 keV

( Fe). The code is routinely used in the analysis of all

resonance-averaged data taken with the BNL filters. The code

is described in more detail in ref. 14.

For comparing final states over a wide range of excitation

energies, some assumption must be made for the energy variation

of the transition probabilities. For E-l transitions it is

clear that the presence of the giant dipole resonance implies a

Lorentzian expression for the photon strength function15).

Over a limited range, the expression may be approximated by a

power law expression of the form T(E) = T(EB) (E/Ej})11,

where n is approximately 5 for this mass range and Eg is the

neutron binding energy. The same assumption is made for M-l

transitions, without any physical basis for the assumption.

These probability calculations allow us to answer the

following question quantitatively: in a given excitation

range, does the resonance-averaging technique allow us to con-

clude that we have populated all levels of a certain spin-

TNote that an error appears in this expression of ref. 14,

where the negative sign of the exponential term should be

positive.



Fig. A. Probability dis-

tribution for populating

negative parity states in-
168Er at 2 keV (taken

from ref. 16).

9 12 15 18 21 24 27
I [orb. units!

parity class. As have been pointed out previously16) it is

an important test for various nuclear models to be able to

establish the existence, or non-existence, of certain final

states in a given range, irrespective of the nature of the

state. If we accept the non-selective nature of the (n,Y)

reaction mechanism, the population of a given final state is a

matter of th electromagnetic selection rules, and the averaging

statistics.

An extensive test of the method has been carried out for
1 6 8Er, a nucleus well-studied by a number of experiments17).

Figure 4 shows the calculated distribution functions at 2 keV

for negative parity final states in the reaction
167Er(n,Y ) 168Er. Similar curves can be generated for positive

parity states. 1 6 8Er, with an S-wave spacing of »4 eV,

provides relatively good averaging; for example, about 220 *=0

resonances occur in the 2 keV window.



Some simple observations can be made from the figure. The

factor separation between 2~,5~ and 3~,4~ final states is found

to be somewhat less than a factor of two described by Bollinger

and valid at low neutron energies. The effect is due primarily

to the spin dependence of the resonance total widths, which at

higher energies tend to be dominated by the scattering width

(which is spin dependent) and not by the total capture width

(which is spin independent). There is relatively good separa-

tion, at 2 keV, between final states of opposite parity. This

results from the dominance of s-wave capture and E-l transi-

tions, which favor the population of negative parity states.

At 24 keV the clear distinctions between spin and parities

of the final state populations become blurrad. The increasing

scattering widths coupled with the increasing importance of Z=l

transitions followed by E-l radiation have combined to reduce

the discrimination among final states, even though the distri-

bution variances have been improved by better averaging. Siiice

capture rates are low at 24 keV, the measurement errors will be

large and will tend to obscure the regularities.

Another example is taken from the recent experiment of

Warner et al.18^ on the nuclide 16**Dy. In Fig. 5 we see

plotted the data, reduced by the usual E y energy factor,

compared to predicted fluctuation bands which encompass 5 to

95% calculated probability limits. Here a reasonably clear

grouping is obtained, although there are obvious problems which

arise at excitation energies near 2.0 MeV. However, the 24 keV

capture spectra may be compared to the 2 keV data, and these

are plotted in ratio form in the figure. From the figure it is

clear that the 24 keV data can provide important parity confir-

mation for the 2 keV data, even while the spin-groupings at 24

keV are not well defined.

There are of course many cases where limited averaging,

due to large level spacings, occurs. In any given case,

however, the code allows the predictions of spin-parity made by

this technique to be put on a firm quantitative basis.



Fig. 5 . Resonance-

averaged Intensities for
16l*Dy.

Fissila Nucliries

An important class of nuclides for -which the tailored beam

experiments could be useful is for the actinide nuclei, which

offer interesting nuclear structure problems. It might be

thought that such nuclei, because of their low level spacing,

might offer excellent averaging.

An example is the case of Pu(n,y) Pu, where the

observed spacing of s-wave levels is 2.3 eV. Recently, a study

of the decay of 2I*°Np by Hsueh et al.19^, resulted in a sig-

nificant number of changes in the Pu level scheme.

The results of a 2 keV filtered beam experiment on
2 Pu(n,Y)24°Pu are shown in Fig. 6. It might be expected that

a clear spin-parity grouping, favoring final states of 1~ (they

can be populated widths from 0+ or 1 + initial states) over 0~

or 2~ final states (populated only from 1"*~) would be evident.

It is clear from the figure that, while a clear parity grouping

exists, there is no spin grouping.

The explanation for this failure of the spin grouping lies

in the presence of a competing exit channel, fission, which was

not present in the other examples. It is well known that there

exists a strong dependence of the fission widths for 2 39Pu on



Fig. 6. Resonance-aver-

aged captures-intensities

for 239Pu(n,Y)2l*°Pu at 2

keV.

4200 4600 5000 5400 5800 6200 6600

the resonance spin. From an analysis of the low energy reson-

ances20), it is found that while <I"F> » 0.035 eV for the

J=l resonances, the 0 + resonances have an average fission

width <rF>J=0+ = 2.27 eV, or almost two orders of magnitude

larger.

These large 0+ fission widths imply a very large competi-

tion with radiative capture for the 0+ resonances, essentially

eliminating capture from those resonances. Thus the intensi-

ties exhibited in Fig. 6 can provide no discrimination among 0,

1, and 2 final states. The marked spin dependence of fission

widths seen at low energies must exteud to 2 keV, based on

these results.

The data for Pu, however, do show several interesting

effects beyond the fluctuation properties, and provide an

important example for other uses of filtered-beam data. One

question which was raised briefly in this review was the



influence of the GDR and the corresponding effect on photon

strength functions. The plot of Fig. 6 has been given in units

of kgi 5 r/DE 3, defined by Bartholomew 2 1 ) as the E-l

"photon strength function". Also drawn on Fig. 6 is the

extrapolated Lorentzian tail of the giant dipole resonance,
2 3 8

using the parameters from photonuelear studies on U. The

normalization of the 2 keV filtered beam data has been achieved

by a direct comparison to time—of—flight measurement by Wasson

et al. 2 2 ) ; j_n the latter case 18 partial widths were measured

absolutely.

In the excitation energy region of the figure the Lorent-

zian tail varies as E^«5 power, and this dependence is shown

by the sloping line of the plot. It is clear that the upper

group of points, which may confidently be assumed to be nega-

tive parity states, populated by E-l transitions, are populated

more weakly than the GO'S, extrapolation would suggest. An arbi-

trarily renormalized GDR curve, at 0.55 strength, shows a-very

reasonable fit to the data. These results are in good agree-

ment with the suggestions of McCullagh et a l . " ) , who

suggested that a GDR extrapolation results in photon strength

functions considerably higher than actually observed near the

neutron binding energy.

The group of positive parity states is clearly delineated

in the figure. Over the range 4600 to 6600 keV, the M-l popu-

lation of these final states clearly follows a different energy

dependence, in contradiction to the usual assumption that E-l

and M-l widths vary similarly. In fact the figure shows no

clear departure of M-l strengths from the E-y expected from

the single particle estimates. This result may be consistent

with a M-l collective strength centered at energies not too far

from neutron binding. More data of this type would be needed

to confirm Luis suggestion.

IV. Conclusions and Summary

The technique of (n,t) studies through the use of trans-

mission filters has been described for three typical limiting



cases: 1) for the case of one or several resonances within the

transmission window, no resonance averaging is possible. How-

ever useful data may be gathered to complement thermal capture

and valuable information can be deduced from the observation,

or lack of observation, of kinematical shifts in the neutron

energy; 2) for rare-earth nuclei, where the level spacing D is

much smaller than the window interval, good averaging is

achieved and the fluctuations are small enough to allow useful

spin-parity information to be given. The intercomparison of

spectra obtained at different beam energies may be decisive in

fixing the spin—parities in certain situations; and 3) for

actinide or trans-actinide nuclei, the introduction of another

competing channel (in this case, fission) profoundly affects

the fluctuation properties. This fact allows us to draw con-

clusions about the spin dependence of the fission widths and

their distributions. In all cases, these (n,Y) spectra can

provide valuable information of the energy variation of radia-

tive widths which can, in turn, be related to the distribution

of collective strengh in nuclei.
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