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The 7.7-Meter Bent-Crystal Spectrometer 
a t t h e 1 8 4 - I n c h C y c 1 o t r o n ':~ 

... 
Kenneth M. Crowe and Robert E. Shafer 1 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

.A.pril 19, 1966 

A:::.STRACT 

We describe tT.c design, opc::-2tion, and calibration of a 7. 7-m 

DuMond-georr,ct:ry bcr:.t-c1·ystal spectrometer, constructed at the 184-Inch 

Cyclotron for the study of nl<:~sonic x rays. The application of crystal-

diffraction techniques to 1nesonic x-ray measurements is briefly d1s-

cussed. 
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I. INTRODUCTION 

Crystal-diffraction spectrometry has been recognized for many 

years as a preCise method of measuring the energies (wavelengths, 

actually) of nuclear gamma and electronic x-rays. The development of 

DuMond-geometry bent-crystal spectrometers
1

- 3 with their relatively 

high efficiency has made possible the application of crystal-diffraction 

techniques to previously inaccessible areas of research. In this paper 

we describe a DuMond-geometry spectrometer built specifically for mes-

onic x-ray studies at the 184-Inch Cyclotron. 

In Section II we describe the design and constru'ction of the 

spectrometer, and in Section III its operation and calibration •. In Section 

IV application of crystal.:..diffraction techniques to me sonic x-ray meas-

urements is discussed briefly. 

II. DESIGN AND CONSTRUCTION OF THE SPECTROMETER 

The instrument described here is a line -source transmission 

spectro1neter, often referred to as the DuMond or Monochromator arrange-

ment. The general design of these instrmnents as well as other crystal 

spectrometers is described in several excellent review articles. 
4

-
8 

The 

focal geometry of the instrument described here is illustrated in Fig. 1. 

Its mechanical construction resembles that of several other monochro-

mators, including one of comparable (7. 7 m) focallength9 and several 

. with shorter (usually 2 m) focal lengths. 
10 

In this instrument, as in the 

others, the source is at a stationary focus of the bent crystal, and the 

J?ragg conditions are satisfied by rotating the bent crystal about a station-

ary vertical axis. A sine -screw m.echanism is used to rotate the crystal 
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and measure the Bragg angles with respect to the s:pectrometer foundation. 

The collimator-detector assembly is independently rotatable about the bent-

crystal axis and is positioned to selectively transmit the diffracted x-rays. 

Table I summarizes the important parameters of the instrument. 

Overall top and side views of the spectrometer are illustrated in 

Figs •. ·· 2· and 3. The foundation is a 30 -ton concrete block cast in a shock

absorbent mounting. A surplus Navy gun mount is used to support and ro-

tate the entire detector-collimator assembly (including about 5 tors of 
. \ 

\ 

shielding), which is balanced by a counterweight. As moments abo'tit the 
', 

gun mount are approximately cancelled, rotation of this assembly does. not 
'\ 

affect the alignment of the spectrometer. 

The crystal pivot assembly is mounted rigidly to the co.ncrete 

foundation through a hole in the center of the gun mount. This assembly 

is illustrated in Fig. 4. The central bearings are special class -9, Fafnir 

. ball bearings with a maximum radial runout of 50 f.J.in. and ball sphericity 

within 5 }J.in. The two bearings are preloaded again$t each other with 

1000 lb force to remove axial and radial play. The final machining of the 

crystal pivot table was done using these bearings to define the axis of rota-

tion, hence minimizing table runout.. The axial thrust is carried by the 

outer race of the lower bearings. 

Above the bearings in Fig. 4 is the 23:-in. diam engraved horizon-

1 . 1 1. 1 d f . . . h 11" bl . h t t ta c1rc e use or pos1t1on1ng t e co 1mator assem y w1t respec o 

the crystal orientation. Microscopes mounted on the gun mount are used 

to interpolate between the 0.1-deg inscriptions to a precision of ±10 sec-

onds [the collimator resolution (FWHM) is about 900 sec]. The inscrip-

tions are acctirate within± 0. 5 sec. The horizontal ··eir~Te_ may also be 

·,.·, 

-, 

l!-7-~~ 
l·k'fl&Jl-
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.. used to rr1easure the crystal orientation with respect to the spectrometer 

foundation by means of another set of microscopes. This allow·s a direct 

check of the sine -screw mechanism, which is the primary means of meas-

uring Bragg angles. 

The sine-screw mechanism is illustrated in Fig. 5. The 1.25-in. 

diam stress -proof-steel lead screw is supported by class -9 Fafnir ball 

bearings, the axial thrust being borne by the two angular-contact preloaded 

bearings at the crank end. The bronze split-nut is attached to a: full-

gimbal yoke which makes a 3-point contact with the sliding block. The 

motion of the sliding block is collimated by a guide plate. The endplate of 

the sliding block pushes against a 1. 5 -in. -diam precision steel ball mounted 

in the pivot arm. A constant azimuthal torque is applied directly to the 

pivot arm by a suspended-weight arrangement, the torque being counter-

balanced by an axial thrust in the sine screw. The entire mechanism is 

enclosed in a dustproof Lucite cas e. 

The lead screw and the split nut were lapped together after the rna-

chining process, and a linearity check was made by comparison with a pre-

cision-engraved steel rule. The mean pitch was determined to be 32.0019 

turns/in., and the deviations from linearity were found to be less than 

± 3 7 }J-in. , as illustrated in Fig. 6. This is about the limit of precision 

obtainable by comparison with an engraved rule. A correction cam is 

provided for correcting nonlinearities, but the precision required for 

mesonic x-ray measurements has not yet warranted its use. Synchronous 

axial motion of the lead screw due to axial runout in the preloaded bearings 

was determined to be 30±5 f.Lin. peak-to-peak, using air-gage techniques. 

As all the above linearity measurements were taken an integral number 

of turns apart, they are not correlated with the axial motion. The length 

of the pivot arrn is 22.0000±0,0002 in. (we refer to this as the low-energy 

arm), and the useable region of the lead screw is about 90 turns each side 
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of center, allowing measurement of Bragg angles up to 27,000 sec each 

side [this corresponds to a lower limit of 40 keV, first order, both sides, 

for quartz (310) diffraction]. The total mechanical error, including both 

systematic'{z::onlinearity) and statistical (nonrepeatability) contributions, 

is expected'to be within± 46 f-Uin., which corresponds to ± 0.43 sec of arc 

[these errors correspond to ±0.005 xu for diffraction from quartz (310) 

planes]. Two other available pivot arms, being two an.dlfive times the 

length of'the low-energy arm respectively, can be installed by moving the 

sine-screw mechanism. These arms allow higher angular precision, 

but limit correspondingly the range of measurable angles. 

The crystal-clamp blocks (the method of imprisonment is used 

here) were cast from type 420 stainless steel, a:nnealed, and then ground 

on a machine specifically built for this application. 
12 

Both the convex and 

concave form blocks were then lapped against cast-i-ron blocks ground to 

the same radius of curvature. The convex form block has an aperture of 
\ 

13" 7 by 13.7 cm
2 

with a single 1,6-cm-wide db across the center, le~v,ing 
2 

about 160 em open area. 

The quartz plate, supplied by Hilger and Watts Ltd. to specifi-

cations 13 3 
written by J. W. M. DuMond, ·was cutto 20- by 20- by 0.6 em 

with the (310) planes normal to the two faces and two edges.; The plate, 

etched with HF to reduce the possibility of breakage, was clamped be-

tween the form blocks with a 0. 2- c1n -thick neoprene gasket on the convex 

side. The first constructive -interference fringe between the steel rib and 

the quartz plate was about 1 em in from each edge of the aperture. Figure 

7 illustrates the imprisoned crystal. 

A crbss section of the collimator is shown in "Fig. 8. It is of 

the flat-plate, tapered-gap design, the plates being 1 mm thick and the 

~· 
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gaps approximately 3 tnm wide (we refer to this as the low-energy calli-

mater}. ·The 44 lead-alloy plates were manufactured from low-background 

lead supplied by the St. Joseph Mines. 
14 

The collimator has an aperture 

of about 18 by 18 cm
2 

and is 94 em long. Construction induded stretching 

the plates lengthwise, fastening them to the upper and lower guide plates 

with a room-temperature -cure epoxy cement, and finally stretching them 

vertically as indicated in the Figure. ·The collimator, designed for use 

at low energies (Bragg angles ~ 1 deg), has an estimated transmission 

efficiency of 0.65 based on the performance of an earlier design (this 

earlier version has a 1-to-1 plate-to-gap ratio·and is reserved for high-

energy measurements). The measured resolution of the low-energy col-

limator is about 900 sec of arc for 84 keV y-rays. 

The detector is a 17-by 17-by 0.63 cm
3 

packaged Nal(T£)
15 

crys-

tal viewed on one face by nine RCA 681 O's through a 2 -in. -long Lucite light 

pipe. The system was balanced for uniform pulse-height output over the 

entire Nal(T £) surface by using a radioactive source and varying the anode 

voltages individually. The pulse-height resolution corresponds approx-

imately to 0. 75 photoelectrons· per keV of x-ray energy. Its total effi-

ciency is greater than 90% for x-rays below 120 keV. 

Unlike 1nany bent-crystal spectrometers, no provision has 

been made for autom.atic scanning of spectra by. synchronously rotating the 

crystal and collimator with the required 1:2 ratio of angular velocities. 

Due to the v'·ery low counting rates encountered in mesonic x-ray diffraction, 

the rotation is accomplished manually at periodic intervals, by using the 

cranks illustrated in Fig. 2. The relative alignment of the .crystal and 

collimator is ~hecked by using the graduated circle described earlier. 

.~"" 
~~~~{J-ro' 
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As the spectrometer is situated near the 184-Inch Cyclotron, the 

background radiation, due mainly,to neutrons, necessitates a considerable 

amount of shielding around the Nai detector and collimator. The system 

is almost completely surrounded by a mir..im,!r.:-~ c f 4 ir .. of lead. Outside 

the lead is about 12 in. of paraffin and boric acid, and inside the lead a 

1/4-in. layer of boron carbide. The total weight of this shielding is about 

5 tons, and is counterbalanced as shown in Figs. 2 and 3. 

In addition to this shielding, the bent-crystal "cave" is surrounded 

by concrete (minimum thickness about four feet) and by battleship armor 

plate (thickness about one foot). None of the weight of this additional shield-

ing rests upon the shock-absorbent foundation. 

In the pulse -height region 50 keV < E < 200 keV, less than 5o/o bf the 

Nal background can be correlated with the cyclotron beam. The back

ground, about 0.09 counts/keY -sec, is due almost entirely to natural radio-

activity inside the shielding. 

Ill. PERFORMANCE AND CALIBRATION 

The quality of the bent crystal was checked by performing a Hart-

16 . . 198 
mann test w1th a 0. 5 Cune Au source. The 0. 25-mm-diam gold wire, 

irradiated at the Livermore pool type reactor, was held taut. and vertical 

by a 500-g weight. The test indicated that the focusing properties were 
. . 

uniform, even near the edges, and hence that the entire aperture could 

be used. The optimum focal-circle-diameter was determined to be about 

764 em, 6 em shorter than expected (the first crystal installed in the 

7. 7 -m Argonne spectrometer showed a similar deviation). 

Diffraction from the entire crystal yielded an optimum resolution 

of 17 sec of arc (FWHM) as shown in Fig. 9. As a comparison, a smaller 

r;::;.::::::.,: 
,.;y~-J(:fjr"f 
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6-mm quartz crystal bent by Argonne to 7. 7 meters showed a resolution 

. 9 . . . 
of 13 sec. ·. A thmner crystal would be expected to show better resolution, 

but with a loss of reflectivity. As 17 sec corresponds to an effective 

source width of 0.63 mm, the contribution from the finite diameter of the 

gold wire is small. Least-squares analysis of the diffraction peak shows 

that it is reasonably symmetric and may adequately be represented by a 

Gaussian distribution. (It is important to note that any instrumental asym-

metry will occur in both the right and left diffraction peaks with the same 

parity, so that if the Bragg angle is found by measuring the angular sep-

aration of these peaks, any effect of the asymmetry will be completely 

cancelled. ) 

The energy resolution (FWHM) is then .(keV units): 
G"'- Ll) 

.6.E = 1.6 X 10- 5 E 2 eli""= ' 0~ "'le'J ~(1) 
-j,vvu@'l-l 

for first-order diffraction. The mechanical errors mentioned in Section 

II presently limit the precision to about 2.5o/o of the resolution (note that 

by convention, resolution is measured in FWHM, and precision in standard 

deviations). 

The total efficiency may be calculated from geometrical factors,. 

absorption coefficients of air and quartz, and the crystal reflectivity. The 

' -5 mechanical solid angle subtended by the crystal is 4rr X 2. 2 X 10 sr, and 

the estimated transmission efficiency of the co"llimator is 0.65. 

When x rays are transmitted through a crystal in such a way that 

the Bragg conditions are satisfied, a fraction of the total transmitted in-

tensity, defined here as t}le, !eflectivity, is expected to be in the diffracted 

bearri. The ihtegrated reflectivity is the reflectivity integrated over the 
., . 

diffraction peak. Secondary extinction refers to the removal of intensity 

from either the incident or diffracted beams by (multiple) diffraction in 
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the crystal (i.e., the maximum reflectivity is o.~}. This apparent sat

uration of the reflectivity can affect the shape of the diffraction peak. 

Primary extinction, a coherent process taking place in the small "perfect" 

mosaic "blocks" within the macroscopic crystal, has been shown by Lind 

et al. 
17 

to be negligible in bent quartz crystals for the wavelength region 

of interest here, and will not be discussed further. The reflectivity of the 

quartz crystal used here is expected to exhibit the 1/E
2 

energy dependence 

of mosaic crystals, modified only by the secondary extinction process. A 

more complete discussion of 'the diffraction process in perfect and mosaic 

crystals is presented by Lind et al. 
17 

and Zachariasen. 
1

:8 

The reflectivity of the 6 -mm-thick bent quartz crystal may be 

derived from the integrated reflectivity measured for a 1-mm-thick bent 

quartz crystal by Lind et al.@ The calculated reflectivity is illustrated in 

Fig. 10. The effect of secondary extinction is observable below 100 keV. 

The total efficiency, based on reflectivity, absorption, and geometrical 

factors, is shown in .Fi:g. 11. As can be seen, below 50 keV the efficiency 

drops off rapidly due to absorption of the x rays in air andthe quartz 

. -6 
crystal. The maximum efficiency is expected to be about 2.5X 10 at an 

energy of 50 keV. 

The remainder of the performance tests, and the final calibration, 

were carried out with a 1-mm-diam, 10 -em-high Tm 
170 

source in a quartz 

tube. The 0. 5-Cur'ie source was in the form Tm2o 3• The radiations of in-

170 
terest are the nuclear gamma ray and the Ka

1 
x-ray of Yb 

Transition 

84 -keV y ray 

' 
~a 1 xray 

Wavelength (xu) 

146.835 ± 0.005 

236.165 ± 0.003 
20 

Energv (keV) 

84.261 ± 0.003
1
,9 

52.389 ± 0.001 

... , 

l'l~-'7..,. 
ri":·:,..--··--
:$\'Of'J,l' 
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The wavelength-energy conversion constant used throughout this paper is 

12372.42 xu-keV" ± 15 ppm. 
20 

It is worthwhile to mention that the spec-

trometer resolution for the x ray, which has a natural width of 3 5 eV, is 

45 eV; hence the observed line shape is distinctly different for the two 

radiations, the x ray showing the "skirt" typical of resonances •. , 
\ 

The most precise method of measuring Bragg angles is to·'··meas-
\ 

ure the angular separation of the rig_ht; and left diffraction peaks, in this 

case first-order. It is of considerable importance to check the repeat-

ability of the instrument in order to understand as well as possible the 

sources of error. 

The sine-screw mechanism measures the sine of the angle be-

tween the diffraction peak and a point on the lead screw defined mechan-

ically to be the "mechanical center." As the angular separation between 

the right and left first-order diffraction peaks is 20 B' the sine -screw 

mechanism measures 2 sinG B cos 6, as shown in Fig. 12. The angle 6 is 

variable from approximately -4000 to +4000 sec by moving the source. 

Normal operation of the spectrometer is performed with 6 ~ 100 sec so 

that the cos6 factor may be set equal to 1. Figure 13 shows measured 

values of sinOB cos6, using the 84-keV '( ray, plotted vs the midpoint 

(which is defined in Fig, 12). The smooth curve is a best fit of the form 

A cos6, the expected shape. 

The thermal-expansion coefficient of the quartz (310) planes is 

15 ppm/° C. 
21 

The. only other thermal-expansion correction, due to dif-

ferential expansion of mechanical parts, is estimated to be less than 

± 5 ppmjoc effective contribution. No such anomalous temperatur~ de-

pendence has been observed. By convention, all measurements are cor-
·~J 

rected to 18°C, 

f~ 
::K~l';' 
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Because of the particular application for which this instrument 

was built, long-term stability is important. In Fig. 13, seven of the 

points were measured in December 1964 and three in March 1965 (the 

most recent mesonic :x-ray experiment took place in this interval). The 

observed shift was less than± 0.002 xu. 

The error flags in Fig. 13, determined purely on the basis of 

external consistency (i.e., from residuals), represent a wavelength 

deviation of± 0. 002 xu. In each case the sample mean of the diffraction 

peaks was determined by X 2 analysis, and the purely statistical fluctuations 

were estimated to be less than ±0.001 xu. Although the observed wavolength preci

sion is somewhat bette~ than the ± 0.005 xu predicted by mechanical con-

siderations, it should be realized that this test only compares the relative 

linearity of two regions of the sine screw, each about 30 turns wide., 

The possibility that small-angle Compton scattering. of x-rays in 

a thick source could produce a noticeable effect on the position or shape 

of the diffraction peak was considered. An attempt to observe such an 

effect was made by placing 1-in. -thick aluminum filter directly in front of the 

source. No effect (other than attenuation) was observed within the.)imits 

of precision of the instrument. 

The calibration of the instrument by using the nuclear gamma 

and the electronic x-ray yielded the following data: 

Transition d
18 

spacing 

84-keV y-ray 0.0623509 11 7 7. 4 9 ± 0. 0 6 xu 

52-keV x-ray 0.1002770 11 7 7. 56 ± 0. 0 3 xu 

The ;entire calibration error for each transition is contained in 

the error on the respective d spacing. The deviation between the two d 

.~ 
::>X'o;;r 
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spacings is due possibly to either a nonlinearity in the sine-screw mech-

anism or a slight shift in the value quoted for the wavelength of one of the 

calibration lines. 

IV. APPLICATION TO MESONIC X-RAY STUDIES 

Most of the published studies of picnic and muonic x-rays have 

been performed with scintillation and proportional counters, sometimes 

in conjunction Vvi th absorption-edge filters. Several review articles out-

1. h di 22 - 26 1' . f l'd d 1ne t ese stu es. Recent app 1cat1on o so 1 -state etectors to 

this field has yielded absolute measurements with considerably higher 

· · 2 7 • 28 A 1' · f 1 d' ff . h . t . prec1s1on. pp 1catlon o crysta - 1 ractlon tee n1ques o meson1c 

x-ray studies thus far has been performed only with the instrument de

scribed in this paper, 29 • 30 although plans for similar experiments at 

th f 'l't' . 31 o er ac1 1 ·1es are 1n progress. 

The energy region in which bent-crystal spectroscopy can pres-

ently be applied to me sonic x-rays is limited to the interval 20 keV~E~ 200 

keV owing to the energy dependence of the efficiency of these instruments 

(see for example Fig. 11). This is in contrast to scintillation and semi-

conductor detectors, which can analyze the entire spectrum above 20 keV. 

Use of other diffraction crystals can extend the useable region of crystal 

spectrometers above 200 keV, however, and th~ superior resolution and 

precision obtainable by crystal diffraction in the low-energy region make 

this technique a complementary method of studying me sonic x rays. At 

50 keV, for example, where the efficiency of the instrument described 

here reaches a maximum of about 2.5X10- 6, the instrumental resolution 

is about 40 eV (FWHM) and the obtainable precision about ± 1 eV (see Table 

I). Two picnic x rays in the 50- to 100-keV region have been measured to 

f=7'~ 
)(1J'r·· 



'· 

-12- UCRL-16637 

9 V . . 30 ± e prec1s1on. 

·Optimum source strengths for bent-crystal spectroscopy (using 

the DuMond geometry) are usually in the 0.1 to 10Curie rang_e, depending on 

the spectrometer efficiency. This is in .contrast to the obtainable 111source' 

strengths for mesonic x-rays, which at present do not exceed a few mi-

crocuries. In particular, for the pionic x-ray studies at Berkeley, the 

maximum stopping pion rate is of the order of 4X 10
5 
/sec (with a 60% 

macroscopic duty cycle), and the yield of pionic x rays is somewhat lower. 

The maximum obtainable density of stopping pions is about 800 pions/g 

sec for most target materials, the corresponding specific x-ray activity 

being o~the order of 10
2

fJ.Curie/g. Muonic x-ray yields at the 184-Inch 

Cyclotron are about an order of magnitude lower. 

Mesonic x-ray "sources" are not very flexible in their design. 

The overall dimensions of the "source" depend on the momentum spread 

·.and phase space of the meson beam, as well as range straggling. The 

"source" must be stationary as are me.son-producing accelerators. The 

duty cycle of the accelerator should also be considered. In brief, the 

crystal spectrometer should be designed to complement the mesonic x-ray 

"source". 

As the focal length f of the spectrometer determines the focal vol

ume {a:£\ the. crystal thickness and hence the reflectivity {approximately a: f), and 

the solid angle subtended by the crystal (a:C
2

), the optimum focal length 

occurs approximately where two of the linear dimensions of the x-ray 

"source" (which may include only a small fraction of the total stopping 

meson beam) are limited by factors other than focusing aberrations. In 

the DuMond cfrrancrement these factors include the dimensions of the 
.~\; (:"1 
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volume of stopping mesons, and the x-ray attenuation length in the 

"source" material. In the Cauchois geometry, these factors are deter-

mined by the characteristics of the x-ray detector. 

Typically the efficiency of a DuMond-geometry instrument is 

about a factor of 200 larger than the efficiency of a Cauchois -geometry 

instrument with the same bent crystal. This gain is to a large extent 

cancelled by the limitation that only a small fraction of the meson beam 

can be stopped within the focal volume of a reasonable -focal-length 

DuMond-geometry instrument (the fraction is about io/o for the instrument 

described here). Although a Cauchois-geometry instrument exhibits an 

efficiency comparable to flat-crystal instruments, a very considerable 

. gain is realized since the x-ray detector is located at the crystal focus 

and is therefore relatively small. This leads to a considerable reduction 

in the background counting rate. 

The experimental arrangement used with the 7. 7-m bent crystal 

monochromator is illustrated in Fig. 14. The stopping pion is identified 

by a scintillation-counter telescope (Fig. 15). Diffracted pionic x rays 

are detected by t.he .Nal(T £) scintillator, which is in fast coincidence with 

the scintillation-counter telescope. Pulse-height analysis alone on the 

Nal(.T £) signal reduces the background typically to about 3 counts/ sec in 

the pulse -height interv;al of interest, and the additional coincidence re-

quirement (timing resolution .... 10 nsec FWHM) reduces the background 

further to about 3 counts/hour. Observed diffracted pionic x-ray rates 

are of the order of 2 to 3 events/hour. Typical diffraction peaks are 

illustrated in Fig. 16. 
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As with any long-term measurement by crystal diffraction, 

stability of alignment, as well as temperature, is important. As,,illus

trated.in Fig. 14, an autocollimator, whose base is a large concrete\ 

block grouted to the floor of the experimental area, is used in conjunc't~~n 

with~_-an optical-alignment target mounted on the convex bent-crystal form, 

block to define a line of sight. In addition, the form block with a front-

surface mirror attachment can be rotated into autocollimation as an addi-

tional alignment check. Such checks are performed at regular intervals 

throughout the experiment. The precision obtainable with the present 

optical alignment system is marginal, however, and for this reason any 

. itnprovement in experimental precision should be accompanied by an im-

proved method of monitoring the alignment. 
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Table I. Important parameter~ of the bent-crystal spectrometer. ============================= 
Bent crystal: Type 

Dimensions 
Aperture 
Focal circle diameter 
Intrinsic resolutiona (FWHM) 
CorresponcJ,ing energy resolution 

{FWHM) 0 

Projected resolution at target 
{FWHM} 

Depth of field 
MaxirnUln overall efficiency 

Sine -screw mechanistn (with the low-energy arm.}: 

Maxitnutn rneasurable anglea 
Corresponding m.inimum ener~yc 
Precision presentlyobtainable b 
Corresponding energy precision 

Collimator (low-energy design): 

X-ray detector: 

Overall dimensions 
Plates 
Gaps . 
Resolution (FWHM) 

Type 
Dilnensions 
PM Tubes 

Quartz (310) 
3 20 by 22 by 0.6 em 

160 em 
764 em (observed) 
17 sec of arc 

-5 2 
L'..E = 1.6X 10 E keV 

0.063 em 

8 em _6 
~2.5X10 at 50 keY 

2 7 000 sec each side of center 
40 keV 
±0.4 sec _7 Z 
O" = ± 3.8 X 10 E ~ keY 

18 by 18 by 94 em 
44 Pb alloy plates 1 mm thick 
3 mm (tapered) 
900 sec of arc 

Nal(T£) 
3 ·17X17X0.63 em 

9 RCA 6810 

' 

a 1 sec;:::: 0.011 xu. bAt 50 keY, the resolution is 40 eV (FWHM), and the obtainable precision about 
± 1 eV. . 

c First order both sides. 

I 
~ 

-.o 
I 

~ 
() 

~ 
t:---
1 
~ 

0' 
0' 
w 
-J 
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F1GURE LEGENDS 

Fig. 1. Optical geometry of the 7. 7 -m bent-crystal spectrometer. When 

the Bragg conditions are satisfied, radiation from the source is par-

tially diffracted by the bent crystal, forming a virtual image. The 

collimator is oriented to selectively transmit radiation from the vir-

tual i~age. 

Fig. 2,. Top overall view of the spectrometer. Radiation shielding 

around the detector is not shown. 

Fig. 3. Side view of the spectrom~ter. Radiation shielding around the 

detector is not shown. 

Fig., 4. Crystal pivot assembly. The bent crystal, when in place, is 

about 20 in. above the center ball. Note that the graduated circle 

rotates with the bent crystal. 

Fig. 5.. Sine -screw mechanism. 

Fig .. 6. Linearity check of the lead screw. The data are the average of 

three runs. The error flag represents the assigned linearity, being 

± 37 fJ.in., corresponding to ± 0.004 xu for first-order diffraction from 

qu~rtz (310). 

Fig. 7. Crystal clamp blocks with the crystal in place.,. The radius of 

curvature is approximately 7. 7m. 

Fig. 8. Bent-crystal collimator. The Pb-alloy plates are stretched in 

two dimensions during installation to minimize bowing. 

Fig. 9. First-order Bragg diffraction peak for a 0. 25 -mm-diam Au 
198 

source. Optimum resolution is 17 sec of arc {FWHM}. 

Fig. 10. Calculated reflectivity of a 6-mm quartz {310} crystal. Note 

the effect ofsec·o.ndary extinction below 100 keV. The point at 
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412 keV is measured with an Au 198 source. 

··3 
Fig. 11. Calculated total efficiency for the 0.6-by 20- by·20 em ,\quartz 

\ 

crystal when used with the present collimator. This does not ih,clude 
\ 

the effects of finite source width, natural linewidth, or detector ef
\ 

ficiency. 

Fig. 12. Schematic representation of the operation of the sine-screw 

mechanism. The positions of the Bragg diffraction peaks and the mid-

point are measured in units of sine -screw turns from the mechanical 

center. The angles are exaggerated for illustrative purposes. 

Fig. 13. Plot of sinGE coso vs midpoint (see Fig. 12 for .definition of 

ter~s) ~or diffraction of the 84-keV Yb
170 

'(ray. The error flags 

represent a fractional error of± 15 ppm, corresponding to a wave-

length uncertainty of± 0. 002 xu. Usually the spectrometer is 

operated with the midpoint within 0. 5 sine -screw turns of the mechan-

ical center so that cosO~ 1. 

Fig. 14. Experimental arrangement. The incoming pion beam is analyzed 

by a scintillation-counter telescope as it stops in the region of the 

me sonic x-ray target. An autocollimator defines the bent-crystal 

centerline. The diffracted x rays are detected with a Nai(T£) detector 

in coincidence with the counter telescope. 

Fig. 15. Scintillation-counter telescope arrangement for mesonic x-ray 

studies. A threefold coincidence 123 together with a three-fold anti-

coincidence C::45 identifies a pion stopping in the titanium target. 

Fig. 16. Typical diffraction peaks for mesonic x rays. These represent 

the 4F-3b transitions of calcium and titanium. An average of 2 to 3 • 

' 
events/h:'tjccur at the peak. The calcium and titanium data each 

represent more than 300 h of data-accumulation time. 
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