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EXCITED STATES IN Be8 

Introduction 

Since the advent of positive ion accelerators, the levels 

of Be® have been studied by a great variety of nuclear reactions. 

Tills nucleus has been of theoretical interest because it is a 

moderately simple nucleus to be treated by some of the models 

Q 

proposed to explain nuclear structure. For example, Be° is a 

significant nucleus to the alpha particle model of nuclear struc¬ 

ture. In this model the nucleus is considered on the basis of 

the rotational and vibrational modes of the constituent alpha 

particles which remain discrete in the nucleus for a time longer 

than the periods of rotation and vibration. Thus the properties 

of such a nucleus would be those of permanent alpha particles 

constituting the nucleus. Inglia,’*' in his review of the energy 

levels and structure of light nuclei, shews the attempt of StoH 

to fit the energy levels of Be®,' then assumed established, to a 

scheme of the alpha model in which the nuclear potential is as¬ 

sumed to consist of an attractive well with a 2 Mev repulsive 

core. For comparison, a second fit to this experimental data is 

also attempted on the basis of another proposed alpha model in 

which the bottom of the well is slightly curved and in which the 

repulsive core is omitted. 

1 D. R. Inglis, Rev. Mod. Phys. 25, 390 (1953). 
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Also in this same review Ihglis shows the relation of the 

proposed intermediate coupling scheme of the shell model to the 

levels of Be®. Si this scheme a suitable mean between (jj) and 

(L-S) coupling is sought which admits the use of the salient 

features of more special models (such as the alpha model) to re¬ 

fine the results of the intermediate coupling calculations. For 

example, in the case of Be®, Inglis proposes the mixture of cen¬ 

tral model and alpha model wave functions to account for some of 

8 
the low-lying states xn Be . 

Further treatment of Be® has been carried out on the basis 

of dispersion theory calculations based upon the results of alpha- 

alpha scattering experiments. Russell, et.al.,^ and Nilson, gt.al.,^ 

have demonstrated the single particle character of Be® below 12 Mev 

by analysis, using the dispersion theory applied to the low-lying 

even angular momentum, even parity excited states in Be® indicated 

by their alpha-alpha scattering experiments and by the results of 

other experiments such as will he discussed below. Hence they have 

interpreted this to isply the possibility of detailed description of 

this region in Be® by the alpha model. 

However Be® is also of particular interest from the experi¬ 

mental viewpoint in that the energy levels in the region from 1 to 

16 Mev excitation are as yet not well established. That the level 

2 J, L. Russell, G. C. Phillips, and C. W. Reich, Fhys. Rev. 

10U, 135 (1956). 
3 Nilson, Jentschke, Briggs, Kerman, and Snyder, Phys. Rev. 

IS®, 8^0 (1958) 
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configuration above 1 Mev has been debatable is shown by the 

literature survey of Malm and Inglis^ emphasizing the absence 

of low-lying states above 3 Mev vis-a-vis the literature survey 

of Htterton,'* which was published in answer to the Malm review, 

emphasizing the presence of numerous low-lying states above 3 Mev* 

This dichotomy of evidence concerning the relative abundance 

and position of the energy levels above 1 Mev in Be® 'excitation 

has continued to the present* In general the evidence against 

numerous levels between 1 to 16 Mev excitation has been reported 

for the most part on the basis of charged particle reactions and 

is supported by better statistics. For example, Bussell, et.al.,^ 

by means of phase shift analysis of alpha-alpha scattering experi¬ 

ments have observed the first d-wave state in Be® at 2.9 Mev with 

Hem * 2 Mev. These authors also reported evidence for a g-wave 

state in Be® at 11.6 Mev with Pem • 6.? Mev. Frost and Hanna** 

have observed a broad excited state of Be® at 2.9 Mev ini a range 

of Be® excitation from 2 to 13 Mev by observing the alpha spec¬ 

trum in the decay of Id® with a magnetic analyzer and nuclear 

emulsion as detector. Sons, et.al.,^ using the Id**(He3,p)Be® 

reaction and a Mai crystal pulse hei^it spectrometer, have ob¬ 

served the first excited level separated by 2.87 Mev from tie 

h R, Malm and D. R. Inglis, Phys. Rev. £2, 1326 (1933) 
3 E. ¥, Titterton, Phys. Rev. "9I1, 20S" (193W * 
o R. T. Frost and S. 8. Hanna, Phys. Rev. 99. 8 (1935) 
7 W. 1* Kunz, C. D. Moak, and M.' 'So'oS,' Phys. Rev. 91. 

676 (1953) 
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ground state group and no other state in Be® up to an excitation 

of 11 Mev. However Moak and Wlsseman® observed the first excited 

level at 2.9 Mev and reported tentative evidence for a level at 

12.3 Mev excitation and center mass width 2 Mev. These authors 

used the I&6(He3,p)Be® reaction with a Hal crystal and pulse height 

analysis. % means of the B^(d,o(.)Be® reaction and a Hal crystal 

with magnetic analysis, Holland, et.al. t° determined the first ex¬ 

cited state to be 2.9b Mev for aisles of observation at 60°, 108°, 

90°, and 15° and observed no other Be® level in a range from 0 to 

H Mev of Be® excitation. Trail and Johnson-*-® observed only toe 

ground state and 3 Mev level in Be^ from IdJ(d,n)Be® experiments 

made using two proportional counters and a Hal crystal which by 

three-fold coincidences detected knock-on protons due to the pass¬ 

age of toe reaction neutrons through a polyethylene radiator. The 

ft 
range of Be excitation covered by these experiments was from 0 to 

11 Mev in Be®. 

She experiments mentioned above indicated no structure in the 

8 
broad first excited level and no low-lying levels in Be excita¬ 

tion up to at least 5 Mev. However there have been experiments 

which have shown structure in this level and seme low-lying levels. 

For example, Howard and Wilkins,'*"*' from star analysis of experiments 

® C. D. Moak and W. R. Wisseman, Phys. Rev. 101. 1326 (1956) 
9 Holland, Inglis, Malm, and Mooring, Phys. Rev. 99, 92 (1955) 
1© C. G. Trail and C. H. Johnson, Phys. Rev. ggT"!® (195b) 
13- F. K. Howard and J. J» Wilkins, Prop, Roy. Soc. 228, 376 (1955) 
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using the ,3^) reaction, reported levels at 2.95 Mev (with 

best analytical fit to the data obtained by assuming % * 2.06 Mev, 

Pcm * *9 Mev), I4.OO ± .1 Mev with/Jm less than 0.3 Mev* They also 

reported questionable identification of levels at 6, 10, and 15 Mev 

and others to be discussed later. Gibson and Prowse^ reported 

states at 2.1, 2.9 -with I cm ** .8 Mev, U.G5, 5*25 Mev plus the ground 

state group with /©a * .3 using the IdJ(d,n)Be® reaction and photo- 

graphic plates for neutron detection. However frumpy, et.al. 

using the same reaction with aigles of observation at 0°, 50°, 90°, 

H0°, 120°, and 11*0° with respect to the deuteron beam reported 

levels at 2.9, lt*lj5*G Mev and also reported evidence for a 2.2 Mev 

level at the smallest angles of observation. Evidence supporting 

both the presence and absence of low-lying levels in Be® has been 

reported on the basis of the B^Cp, ^)Be® reactions however discus¬ 

sion of these experiments is reserved for comparison with the present 

work using this reaction. 

FTom the foregoing discussion it seems that further and more 

accurate study in the Be® energy levels is needed. In this respect 

it is seen from a study of the literature that an extensive investi¬ 

gation of the energy levels in Be® using the Be^ (He3,He^)Be® reaction 

has not been report®!. Therefore it has been undertaken to study the 

Be® nucleus with the Bice Institute annular magnet spectrometer by 

12 w. M. Gibson and D. J. Prowse, Phil. Mag. i$6, 807 (1955) 
13 frumpy, Grotdal, and Graue, Mature 170. lllo (1952) 
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means of the Be^(Re^,He^)Be® reaction in the region of 0.32 to 

17.7 Mev excitation. Bie B^(p,^)Be® reaction in the region from 

ft 
the ground state to 5 Mev in Be will then be used for comparison 

with the (He3,Hek) data. It is the purpose of this thesis, -then, 

to report the Q values, excitation, widths, and intensities, rela¬ 

tive to the 3 Mev state, as obtained from the Be^(He^,He^)Be^ and 

B^Cp, d. )Be8 spectra. 



I 

Experimental Techniques 

This work concerns the study of nuclear reactions of the 

type* 

/YA O + /v'~v ? Q, 
(i) 

where mg is the target nucleus, is the bombarding particle, 

mg is the emitted particle, m3 is the residual nucleus, and Q is 

the energy equivalent of the mass defect between mg, mj_ and mg,m3. 

The classical equation which relates Q to the laboratory kinetic 

energy of the bombarding particle %, the laboratory kinetic energy 

of the emitted particle Eg, the laboratory angle 0 of observation 

of the emitted particle, and the masses of the nuclei in question 

is the well-known **Q value” equation given by* 

If one obtains the Q value for the ground state of the residual 

nucleus (Q(g)) in such a reaction as given by equation (1) and 

the Q value, 0^, of the n^ excited state of the residual nucleus, 

then it is seen that the excitation energy % of the excited 

state may be given by* 

- Qo - * /■s'i 

7 
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Thus if the masses of the nuclei in the reaction to be studied are 

known, and if the laboratory kinetic energy of the bombarding particle 

and emitted particle and the laboratory angle of observation of the 

emitted particle are measured, then the equations (2) and (3) may be 

solved to obtain information on the excited states of the residual 

nucleus* 

For a specific reaction as given by equation (1), the particle 

■* 13 residual nucleus mj is left in its ground 

state or one of its excited states* She kinetic energy of the parti¬ 

cle m2 is determined by the Q of the reaction if Bj. and Q are constant* 

Thus groups of particles will be emitted at energies corresponding to 

the energy levels of the residual nucleus. 

The reactions reported here were studied with an annular magnet 

spectrometer# This spectrometer is a homogeneous field, 180° focus¬ 

ing device* The magnet pole pieces are annular and admit a semi¬ 

circular vacuum tube of approximately 70 cm diameterj the opposite 

semi-circle of the annulus admits the cooling water connections to 

the magnet coils and a proton moment magnetometer. The acceptance 

solid angle of the spectrometer is located 180° with respect to the 

beam of incident particles and lies in the focal plane of the magnet* 

A more detailed description of the magnet in its present state of 

development is given by Famularo,^, Elema,^, Gossett,^ and Spencer.^ 

£, Farmilaro, Fh.D. Thesis, The Rice Institute, June, 1952 
IS E. KLema, Fh.D* Thesis, The Bice Institute, June, 1952 
lb e* Gossett, Fh.D* Thesis, The Bice Institute, June, 1955 
17 B. Spencer, K.A. Thesis, The Rice Institute, June, 1956 
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Calculations^!. Procedure 

'Hie calculations! procedure for 180° data may be outlined as 

follows# Hie non-relativistic equation for © * 180° la given by: 

- =2j)-£; (i- (U) 

18 

The masses ra^, mgs m3 used in this work are nuclear masses calcu¬ 

lated on the basis of the values of atomic masses given by Wapstra* 

The value of for each spectrum is obtained by observing in 

toe spectrum a reaction for which the Q value is known* The quantity 

Eg is measured by the spectrometer as discussed below* Thus the Q 

equation may be solved for Ej_. This value of % is then used in toe 

calculations for the rest of the spectrum* 

The quantity Eg is calculated in a classical fashion (E2m) and 

then corrected for relativity effects (and for the angular 

deviation (d) from 180° (1). Hie quantity Eg11 as measured by 

toe spectrometer is given by 

A-"_ -fi = /£ A Tf 7* 

where Z * atomic number of the observed particle, 

^p * 2.67523 x IcArad/sec-gauss,^ gyromagnetic ratio of the 

proton, 

% « 1.007596 amu,^ proton mass , 

A. Wapstra, Physica 21, 367 (1955) 
E. E. Cohen, u, W* M. DuMond, T. W. Layton, J. S. Eoilett 

Rev* Mod* Pfays* 27, 3&3 (1955) * The values of (% ) and ^ are 
derived from the values of the physical constants given by this article. 
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Mg =Mass of the observed particle in amu^ 

(e/Kp) = 9$79>h emu/gra,1^ charge to mass ratio of the proton^ 

A =A constant for each observed particle ^ 

The quantity fo is the Larmour frequency in megacycle s/second of the 

protons in the probe of the magnetometer which corresponds to the 

magnetic field setting of the spectrometer« Thus B = 

B =.23^07 f0 KLlogauss.
1^ 

The quantity 2 Bo is the standard diameter of the spectrometer 

measured from the inboard edge of the target slit to the reference 

light line on the photographic emulsion. The quantity x is the dis¬ 

tance of the extrapolated leading edge of the group in question from 

the light line so that the diameter of trajectory of the observed 

particles (2 f>.) is given by 
Ju2. -r * 

f0 
Ait** * 

Since Ig” is given hy P^/Sm* then the relativistic correction to 

Eg11 may be obtained as follows: 

PL _ 7±_ + r 

7- -£1 _ 

"Where T relativistic kinetic energy. 

T' 

However 

Therefore the relativistic correction (A%e^) is given by 

lc . 

Zl-- 



n 

The final correction applied is the angular correction 

Since (3%) is a function of Q, Ej., the masses, and (6-j.), the angular 

correction may be determined by talcing (2Ej>/3d3 in the Q equation* 

where c{ in radians is as defined above and E is In Mev. Thus it is 

seen that 

With E, Q, E2 determined, the excitation energy of the level may be 

obtained by equation (3)* 

It is possible to obtain reasonable estimates of the cross sec¬ 

tions for the reactions observed with this magnetic spectrometer, if 

the target is sufficiently thick to cause a measurable broadening of 

the observed particle group which may be used to estimate the number 

of target atoms* The expression used to give the cross section in 

barns per atom-steradian for a particular reaction may be written 

where Wo is number of observed particles, 

Hj. is number of target atoms/era? , 

•2^- is acceptance solid angle of the spectrometer in steradians > 

% is number of incident particles 

Thus it can be shown that 

4 
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The value of NQ may be obtained by determining the total number of 

particles counted at the detector for the observed group. The solid 

angle of acceptance is a constant of the spectrometer. The value of 

Ji may be calculated from a knowledge of the incident beam current 

for the exposure determined by the current integrator and the charge 

of the incident particle. The value of % may be determined by knowl¬ 

edge of the energy thickness and the energy loss per unit thickness 

(di/dx) of the target material with respect to the incident particles. 

Where it was possible to calculate them, the reaction cross sec¬ 

tions were calculated for the reactions observed in these experiments. 

They appear in tabular form in the appropriate tables of results as 

given below. 

Targets 

The targets used in these experiments were made from Be? foil, 

65-90 micrograms/cm2 thick. These targets proved to have a surface 

layer of BeO on both sides of the foil. From the separation of the 

groups of particles due to 0^6 reactions originating on the front 

and back, respectively, of the targets the energy thickness of the 

foil was calculated to be from 25-50 Kev thick to the incident He^+ 

ions. 

The B-^* targets were obtained by evaporating electrolytic boron 

upon a natural carbon foil which was obtained by cracking methyl 

iodide upon a Ta filament. The carbon backings were approximately 

0.2 mg/cm2 thick. The #1 targets used in the B13-(p, experi¬ 

ment were approximately 1 Kev thick to the incident lj.5 Kev protons. 



XI 

Experimental Bata 

Although the study of the levels in Be® is of primary interest 

in this work, some data on B&, F-1*®, 0^, Ne^°, 0^, and A^ 

were afford©! by the proton, deuteron, and alpha reactions with the 

Be^, O16, arid some contaminants of the targets, Therefore the fol¬ 

lowing section will be devoted to presenting the data from these re¬ 

actions as well as presenting the data provided on the Be® nucleus by 

the (He®,He^) and (p,He^) reactions* 

Proton Spectra 

Be^(Be®,p)B^ Reaction. The proton spectra from the Be9(He®,p)B^- 

and 0^(He3,p)F^® reactions given as the number of protons versus 

their magnetic rigidity (B/>) is shown in Figures la and lb* It is 

seen that the proton groups corresponding to states in B11 agree in 

general within 10 Kev of the mean values of the excited states 

given by Aizenberg and Lauritsen in the preprint copy of their review 

of the excited states of light nuclei soon to be published in the Reviews 

of ESodern Physics* The excited states of are well known in the 

region of Bp excitation encompassed by these experiments. In Table I 

are given the Q values, excitation energies, and cross sections where 

possible of the B^* states obtained by these experiments. For compari¬ 

son the corresponding levels reported by Van Patter**0 and Aizenberg 

i 

D.|M. fan Patter, ¥. W. Buechner, A. Sperduto, Phys. Rev. 82, 
2ii8 (195D ?   

13 
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and Lauritsen are listed opposite the values reported by the pres¬ 

ent work. 

The proton groups of the spectrum which are questionable are 

noted in Table I by the question mark in parentheses* The peak cor¬ 

responding to the U*k Mev state in B2"** at B^- - 3?5 kilogauss-cm is 

in disagreement with the accepted value of the level by 20 Kev. Since 

the majority of the levels observed in this experiment are in 

agreement with the accepted values* it might be concluded that the 

20 Kev error in this level is attributable to a temporary fluctua¬ 

tion in % or some experimental error in setting or recording the 

1800 magaet frequency* However aside from this 20 Kev disagreement 

with the accepted values of the U.k Mev level, specific details of 

the present experimental data offer no indication of an erroneous or 

anomalous observation of the ©roup. 

It is noted in conjunction with peak (Ik) at 318 kilogauss-cm, 

the 6.81 state of B^ is obscured due to the reduction in resolution 

attributable to the thickness of the Be? foil. The onset of the proton 

continuum is responsible for obscuring the 10.26 and 11*0 Mev broad 

levels in B2”*’* The 10.62 Mev state in B^, peak 029) at Bp-195 

kilogauss-cm is obscured because of the coincidence of the group from 

the 10.62 level with the degraded group from the back of the target 

corresponding to the 3*13 Mev level in F2^. The group corresponding 

21 F. Ajzenberg and T. Lauritsen, Rev. Mod. Phys., (to be published) 
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to the 9,88 Mev level in B11, peak (123) at Bp- 225 kilogauss-em is 

obscured because of its coincidence with the 2,52 Mev level in F3*®, 

The continuum of protons is attributable to the three-body breakup 

of the C*^ compound nucleus into Li? * He^ + p* The threshold for the 

alpha decay of B^3" to vJ occurs at 8.6? Mev excitation in B*1 and is 

noted in Figure 3b at B/?- 265 kilogauss-cm. That the continuum does 

not become observable until approximately 9*5 Mev excitation in B3"3", 

i.e*, B^=235 kilogauss-cm, is apparently due to the small penetrability 

of the alpha particle and proton for low kinetic energies. 

0^(He3,p)F3^ Reaction, The data obtained upon the Q and % values 

for the states in F3-® is compiled in Table I, In general the results 

are in good (within 10 Kev) agreement with the values obtained with 

22 this spectrometer given by Young. It is noted that throughout the 

spectrum, a proton group corresponding to an F^® state is followed by 

a group which is degraded due to the C^*^(He^,p) reaction at the back 

of the target. 

The data on the first excited states of F^-8 is adversely affected 

by this effect. However the analysis of the several groups observed 

in the region of F3-^ excited from 0,9 to 1.5 Mev was facilitated by 

determining the width of the Be? target between the oxide layers in 

momentum units by observing the total width of the near-by 7*995 Mev 

state in B33* obtained from the Be?(He3,p)B^3, reaction. This width 

gives the expected separation of the corresponding groups due to the 

22 T. Young, Fh*D* Thesis, The Bice Institute, June, 1958 
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same level in F^®. In Figure la at Bp - 280 kilngauss-cra, group (19), 

the 0.9U Mev state is shorn with its corresponding degraded peak at 

B^= 278 kHogauss-cm, group (HO). The next primary group from F1®* 

occurs at Bp - 275 kilogauss-cm, group (HI), with % in F^® equaling 

1*0^ Mev$ and on the basis of the expected front-to-back separation, 

peak (H3), Bp = 275 kilogauss-cm, corresponds to the degraded group. 

The group (112) at B^ = 276 kilogauss-cm is the next primary group 

from F^®* and corresponds to an excitation of 1.085 Meyj while group 

(H5) at Bp- 273 kilogauss-cm is its corresponding degraded group. 

There is some evidence for a fourth primary group at Bp - 272.6 kilo gauss 

cm, group number (llU), with its corresponding degraded group at 

Bp- 272.5 kilogauss-cm, group number (116). This primary group (H5) 

corresponds to 1*299 Mev excitation in F1®. 

A duplication of the region of F-*-® excitation from 1 to 1.5 lev 

is shown in Figure lb. El for this data is U*39U Mev. An analysis 

similar to that discussed above gives the following primary groups* 

(HI)1, Bp - 277 kilogauss-cm, %= I.O38 Mevj (H2)*, Bp - 275 kilogauss- 

cm, Eg- I.O76 Mevj (llU)1, Bp- 27U«5 kilogauss-cm, Ex ^ 1.120 Mevj while 

the corresponding degraded groups are found to be (113)1 at Bp = 275 

kilogauss-cm, (H5)* at Bp- 273*5 kilogauss-cm, and (116) * at Bp = 272.5 

kilogauss-cm, respectively. All the data obtained on the F-*-® states 

near 1 Mev from the U»Ul5 and U.39U Mev spectra are shown in greater 

detail in Figures 2a and 2b, respectively. 
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On the basis of this data, there is definite evidence for levels 

at 0.9ht 1.05 and 1.00 Mev excitation in F^-®. There is some statis¬ 

tically weak evidence for a level at approximately 1.12 Mev excitation 

in F**-®. Table I shows the data presented above along with the values 

given by Young2** and those given by Kuehner.fhe8e data are in 

good agreement with the levels reported by Young at Q.9k3 and 1.QU6 

Mevj however in the region of F^® excitation from 1.05 to l.U Mev 

the present data are most indicative of one level at 1.08 Mev and 

perhaps another at 1.125 Mev. Thus on the basis of this data alone, 

the presence of four levels in this region, as suggested by Kuehner, 

is not excluded. Group (118) at B^>» 255 kilogauss-cm, Eg « 1,7 Mev 

in F^®, group (123) B^> * 225 kilogauss-cm, *» 2*52 Mev, and group 

(129) 3y> “ 195 kilogauss-cm F**® (back) are in coincidence with 

groups; however the accuracy of determination of group (123) was 

not impaired by this effect. In group (118) the contribution due 

to F1®* (1,7 Mev excitation) was obscured due to the 8.93 Mev level 

in BH. Group (129) obscured a group from BW- as discussed above. 

The 3.35 Mev state in F^® at = 189 kilogauss-cra was obscured by 

the proton continuum so that it was unobserved. 

Cp~2 Contaminant Effects. Referring to Figure lb, peaks (I2I4) 

at B = 222 kilogauss-cm and (125) at = 213*5 kilogauss-cm remain 

to be accounted for. Although there is no clear-cut evidence for a 

C*2 contaminant at higher values of B^>, peaks (12li) and (125) may 

23 j. A. Kuehner, E. Almqvist, D. A. Bromley, Pbys. Rev, 
Letters (to be published) 
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be shown to be due to the (3-2(He3,p)H-& reaction. Peak (12k) cor¬ 

responds to the U.8? Mev state in N-^; peak (125) corresponds to 

the 5.08 Mev state. Thus since the data were taken chronologically 

in order of decreasing B, these two contaminant peaks suggest that 

an appreciable carbon layer was built upon the target after a period 

of He^ bombardment. 

Deuteron and Other Spectra 

Data were obtained on the Be^(He3,d)B^0 reaction and are com¬ 

piled in Table II. The deuteron spectra are presented in Figures 

la and lb. All but one of the deuteron groups observed were from 

the Be9(He3,d)B^ reaction. It is seen that the ground state and 

the first three excited states are in agreement with the generally 

accepted values within 10 Kev, 

Group (25) at 172 Idlogauss-cm is not attributable to 

known states in the residual nucleus resulting from (He3,d) reac¬ 

tions with such target nuclei as G^, G^, 0-^, or Be?, It has 

been found, however, that group (25) occurs at the BjO value which 

would be expected for elastic He^ particles incident upon nuclei. 

The incident energy of such He3 particles would be that expected 

from (He^d)+ ions accelerated with the He^+ beam. In view of the 

absence of other reactions observed in the spectrum due to an 

assignment of this group to an reaction may at best be doubtful. 

It is noted that the extreme similarity of He3 and deuteron tracks 

in the Be range below * 175 kilogauss-cm makes an unqualified 

identification of these particles difficult. 



Table I 

Levels Investigated by (He3,p) Reactions 

Group 
No. 

Reaction 0 Comparison 0^mb/ster 
of Ex 

Be9(He3,p)Bll 10.3287 0 
11 n Ei Cal. 2.138 2.138s 2.138* 0.09 
12 if 5.890 8*839 8.859a 8.859* 0.8 
13 tt 5*298 5.030 5*038a 5.038* 0.3 
lit it 3.572 6.756 6.708® 6.758* 0.2 
17 it 3.028 7.301 7.298a 7.298* 0.2 
18 n 2.3 38 7*995 7.987a 7.987* 0.1 
117 IS 1.763 8.566 8.566a 8*568* 0.2 
118 it 1.801 8.928 8.926a 8.927* 
119 ft 1.135 9*193 9.190a 9*191* ft.2 
120 tt 1.063 9.266 9.276a 9*276* 0.3 
123 IS o.855(?) 9.87 9*88c 9.88* 
126 H 0.001 10.32 10.328 10.32* 
129 u 0.219(7) 10.60 10.62® 10.62* 
15 0l6(He3,p)Fl8 EiCal. 0 

.983d .98® 19 n 1.091 •982 
(111)* ft 0.998 1.038 

1.086d 111 ti 0.986 1.087 1.08e 

(312) it 1.987 1.086 1.08® 
(112)* it 0.9569 1.076 

1.125d (nit) n 0.9031 1.130 1.12® 
(llU)* n 0.9132 1.120 

2.102d 121 n 0.071 2.108 
123 ft 0.8873 2.520 2.521d 

127 tt 1.038 3.071 3*058d 

128 it 1.103 3.136 3.130d 

130 tt 1.682 3*715 3.728d 

131 it 1.808 3.81|1 3.883d 

128 C12(He3,p)N1^ .1388 8.910 
125 ft .323 5*098 

* Ajsenberg and Lauritsen preprint “Energy Levels of Light Nuclei" 
Rev. Hod. Phys. (to b© published). 

a ‘BlO(d,p)Bll reaction. Van Patter, et.al., Phys. Rev. 82, 288 

(19^H BlO(d,p)Bn reaction. M. M. Elldnd, Phys. Rev. 92, 12? (1953) 
c Li^Coi,,^' )Li? reaction. H. Bischel & T. W. Bonner, Phys. Rev. 108 

1025 ^10l6(He3,p)F18 reaction. T. E. Young, Ph.D. Thesis and unpublished 
work, The Rice Institute (1958) 

e 01°(He3,p)F18 reaction. Kuehner, et.al., private communication to 
O. C. Phillips, June, 1958. 

» 



fable II 

Levels Investigated by (He^,d), (He3,i), and (p,o6) Reactions 

Peak 
No. 

Reaction Q Ex G oraparison cj rob/ster 
Ex 

21 Be9(He3,d)B10 1*082 0.000 0,000* 0.2 
22 it 0*3773 0.716 0.7171** 0.717® 1.1 
23 n -0.6916 1.71*8 1*739* 1.739® 0.03 
21* 11 -1*0667 2*160 2.152* 2.152® 
25 K39(H©3,d)Ca^0 -3*103(7) 5.91*5 

1*1 0l6(He3,^)0l5 1**9003 0.000 it.907(Q)? 
1*6 II -2.1*561* 5*153 5*17(Ex)b 

1*2 Cl3(He3,y)G3*2 1*5805 11**051 
1*5 it •5l65 15*115 15.097° 
1*23 Na23(p,i)N|20 2.361*1* 0.000 2.372(Q)d 
1*21* E3^(P,4A36 1.282 0.000 1.286(Q)e U.5 
1*25 Fl9(p,^)0l6 2.0638 6*068 6*06lg 1.1* 
1*26 tt 1.9835 6.11*8 6.lias 5*3 
1*27 n 1*207 6*921* 6:;926g 
1*31 n 0.9920 7*139 7.122s 1.2 

* Ajseriberg and Lauxdtsen, preprint "Energy Levels of Light 
Buclei" Rev. Hod* Phys. (to be published). 

a BW>(p*p»y reaction* Bockelraan, et.al., Phys* Rev. 92, 669 (1953) 
b f. Young, Ph.D * Thesis, The Rice Institute (1958)’'and unpublished 

vmr^c. „ 

*p)(> reaction. R* R. Spencer, Ph.D. Thesis, The Rice 
Institute (1958) 

d i). M. fan Patter, Et.al., Phys. Rev. 85, 11*2(1952) 
® A. Sperduto and W* W* Buechner, Phys. Rev* 100, 96l& (1955)* 
g T. Young, M.A. Thesis, The Rice institute (1957}• 
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Elastic He3 groups were observed from Cu£3a Cu^£a F^, Gl^ 

and 0*6. The Q-^ (He^ ,He3)0*6 group 'was used to check the % cali¬ 

bration obtained from the Be^(He3,p)Bll reactions. 

Be^(He33HeU)Be^ Reaction 

The spectra of alpha particles versus Bj? obtained from the 
»4,}Be® reaction are shown in Figures la and lb, and Fig¬ 

ures 3a, 3b, 3c and 3d. The range of excitation in Be® from 0.3 

to 17.67 Her was covered by three spectra. The spectrum obtained 

with Ej. * It.ljlj? Mev covered the range from 0.99 to 12*6 Mev; the 

range from 12.6 to 16.67 lev was obtained with Ex * k-39h Mevj and 
the range from 0.3 to $ Mev was obtained with Ex * it.399 Mev. The 

details of each spectrum as they pertain to the Be9(He3,o6)Be® re¬ 

action and the combination of the It.399 and it.itl3 Mev spectra will 

be considered in the following paragraphs. 

l».itl£ Mev Spectrum. The data obtained with Ex = it.!tl3 Mev are 

shown in Figure la. The range of Be® excitation is from 0.99 to 

12.6 Mev. The salient feature of this spectrum is the broad group 

of alpha particles at Bf « itlO to IJ57 kilogauss-cm centering about 

a value of 2*6 Mev. in Be® excitation# It is seen that this spec¬ 

trum does not encompass the peak at half maximum and that there is 

an apparent mis-norraalization obtained at = U27 to U3U kilogauss- 

cm, The alpha spectrum corresponding to excitation from approxi¬ 

mately 3 to 12,6 Mev in Be® is singularly devoid of any sharp groups, 

excepting the doublet due to the 0^(He3J<0</.)o^ ground state reaction 

from the layers of beryllium oxide on the target. The Q value for 
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this transition was found to be h»900 Mev which is in good agree¬ 

ment with that given by Young22 as lu 907 Kev. 

One Ee^ foil served as the target for the region of the spec¬ 

trum from Bf? « U57 to approximately UOO kilogauss-cm. Shis foil 

was replaced by another which was used for the remainder of the 

luiil5 Kev spectrum. 

k»39k Mev Spectrum. The data obtained with % ** h*39k Mev are 

shorn in Figure lb. The range of Be8 excitation covered by this 

spectrum is 12.6 to 17*67 Mev. Note that the target used for the 

region from *» 277 to 23k kilogauss-cm was replaced by another 

Be^ foil which was used to obtain the remainder of the spectrum. 

She region in Be® excitation from 12,6 to 15 Mev yields no 
R 

sharp groups corresponding to levels in Be . However the structure 

of the spectrum from 15 to 17.67 Mev in Be® shows several alpha 

groups. Group (1*2) at Bjp * 215 and (1*5) at ^ « 186 kilogauss-cm 

correspond to the llu05 and 15.11 Mev levels in C-*-2, respectively, 

due to the G13(He^, reaction. It is noted that the ground 

state C^2(He^, c4)C'^' reaction may also contribute to group (1*2), 

although no doublet structure is indicated there. Group (1*6) at 

= 182 kilogauss-cm corresponds to a level in observed by 

the 0^(He3, reaction. Shis group gives a value of 5*15 Mev 

excitation in 0^> which may be compared with the value obtained by 

Young to be 5*17 Mev. She Q and excitation energy values of the 

levels in 6^ as determined by these experiments are given in 

Table II. 
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Group (lt3) at By? = 208 kilogauss-cm corresponds to a level in 

Be8 at 15,95 Mev excitation. The center of mass width of this level 

is calculated to b© 0.157 Mev and its intensity, relative to the 

2.61+9 Mev level, is approximately 10 percent. The broad group ex* 

tending from By? ** 191 to Bp * 170 kilogauss-cm. corresponds to a 

level at 17.011} Mev excitation in Be8 with a center of mass width 

of 0,302 Mev. Its intensity relative to the 2.61+9 Mev level is 

15 percent. The only other group in the spectrum which possibly is 

attributable to Be8 is group (ii7) at Bf? » 163 kilogauss-cm corres¬ 

ponding to 17.6U Mev Be8 excitation. The evidence for this level 

is at best incomplete, for the alpha particles corresponding to a 

level at By? a 163 kilogauss-cm would extend beyond the limits of the 

spectrum due to the thickness of the target, Thus only the leading 

edge of a 17.61} Mev level could be expected to be seen in the pres¬ 

ent spectrum. 

The lw39i} Mev spectrum showed elastic He3 groups from HflS, 

Cu^j Gu8^, ci37, and Since only the on the target gave 

appreciably strong (He^,p) reactions, it is seen that the F1?, 

Cu8^, and Cl37 were trace contaminations. The Be? foils were 

obtained from Hugh Bradner^ who reports that copper was one of the 

metals used as a collector for the Be^ evaporation. Thus the Gu ob¬ 

served most probably accrued to the foil when it was made. 

21* Hugh Bradner, Rev. Sci, Inst. 19, 662 (19U9) 
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The and Cl^ on the other hand have been observed from 

experience to deposit upon all targets which are bombarded for long 

periods of time in the vacuum tube of this spectrometer. The source 

of these contaminants is believed to be due to the solder flux em¬ 

ployed in the construction of the spectrometer* 

U.399 Key Spectrum. The data obtained with * h*399 Mev are 

shown in Figure 3a, The range of excitation in Be® covered by this 

spectrum is .3 to $ Mev. In order that comparison with the luiP-5 Mev 

data in this region might be made, the two spectra were normalized in 

the same manner and are shown in Figures 3b and 3c, The normalized 

data from the k399 Mev spectrum is seen to be peaked more sharply 

than the iuipLfj Mev spectrum. It is to be noted that the target from 

which the 1**399 Mev spectrum was obtained was one which had been ex¬ 

posed to the HQ3 bombardment for a period of time comparable to that 

of the target from which the bulk of the It,39k Mev spectrum was ob¬ 

tained. Thus contaminants due to and 0l37 may reasonably be ex¬ 

pected to exist on the targetj and these may be invoked to explain 

the peak of the 1*,399 Mev spectrum. The 2,1*7, 2,50, 2.57, and 2,68 

Mev levels in Cl^ all occur in the Bf? range from i*3U to hk$ kilogauss 

cm at the peak of the It.399 Mev spectrum. That no sharp groups appear 

upon this spectrum indicates that the contaminants are weak, but ap¬ 

parently strong enough to make a detectable additive effect at 

Bj? » 1*35-1*0 kilogauss-cra. 

In this respect the It.399 Mev spectrum offers no significant 
ft additional information on the energy of the first level in Be. 
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let the region of this spectrum from Bp » 1*53 to 1*62 Icilogauss-em 

may be normalized to the 1*.1;15 Mev data at the region of overlap to 

give a composite spectrum shorn in Figure 3d. On the basis of this 

curve, the center of mass vddth for the 2.61*9 Mev level in Be® is 

found to be 2,63 Mev. 

B^Cp, oQBe® Reaction 
A Due to the results of the data on the first level in Be° ob¬ 

tained from the Be9 reaction it ms decided to investigate the ground 

state of Be® by the B-^Cp, crOBe® reaction. The range of Be® excita¬ 

tion from the ground state to 5 Mev was covered twice. Figure l*a 

shows the spectrum of alpha particles and protons obtained with 

53 i*»l*99 Mev and a target much thicker than that used in taking 

the second spectrum with Ex » i*.5l5 Mev shown in Figure lib. The 

target for the l*.i*99 Mev spectrum was approximately 1 lev thick to 

the incident protons j whereas the target used in talcing the l*.515 Mev 

spectrum was much thinner, as is show by the comparison of the in¬ 

tensities of the Be® ground state groups shown in Figures l*a and l*b, 

respectively. The cross data points of Figure lib, indicate the 

l*«5l5 Mev alpha spectrum is normalised to correspond to the thick 

target spectrum. 

The elastic and inelastic protons observed in this spectrum 

afford a rather complete inventory of the contaminants on the target. 

These contaminants are labeled on Figure k by the respective proton 

groups. A note may be added in illustration of the arguments con¬ 

cerning the build-up of F^ on the targets. The 1*.1*99 Mev spectrum 



shows a very prominent p!9 elastic peak, this target bad been ex¬ 

posed to many hours of bombardment, whereas the spectrum obtained 

from the thinner target which had not been previously exposed shows 

no peak in the proton spectrum. 

The alpha particle data from these two spectra show the ground 

state grerp of Be® at By* * 367 kilogauss-cm and the broad first ex¬ 

cited level centering about 3 Mev in Be® excitation. This data show 
1.3 

the width of this state to be £ Mev in the center of mass system. 

The h*k99 Mev data show the first excited level of Be® centering 

about 3.11*0 Mev with Pm » 1.39 Mev. The h*$iS Mev data show the 

first excited level in Be® centering about 3.009 Mev excitation 

with <*1.36 Mev. Comparison of the intensities of the two ground 

state groups indicates that the 1*.399 Mev spectrum was obtained from 

a target which gave a yield due to the B^-(p, oQBe® reaction approxi¬ 

mately ten times greater than that of the target used to obtain the 

l*.5>15 Mev spectrum. 

From the l*,l*99 Mev alpha spectrum groups (1*32) l^s>* 31U kilogauss- 

cm and (i*2l*) 309 kHogaass-cm are seen to correspond to the ground 

state transitions of the reactions Na23(p, eOHe^O and £39(p, «C)A3®, 

respectively. Groups ^ ■ 29k kilogauss-cm, (1+26) Bjo» 271 

kilogauss-em, (1*27) B^>« 170 kilogauss-cm, and (1*31) Bf>- 161* kilogauss- 

cm correspond to the $.07, 6*10, 6.92 and 7*12 Mev levels in (A® due 

to the F-^(p,«O0^® reaction. The assignment of groups (1*21) at 

» 33l*, (1*22) at Bf? ** 321*, and (1*29) at B/O * 267 kilogauss-cm. re¬ 

mains problematic. Calculations have shown that these groups are not 
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attributable to reactions from known states in contaminants of mass 

less than 39* 

From the Mev spectrum alpha groups (1+32) at By- *» 335 and 

(1*3U) at Bj? '*» 272 kilogauss-cm correspond to groups (1*21) and (1*28) 

respectively in the 1*,1*99 Mev spectrum. No group corresponding to 

group (1*22) in the i*,i*99 Mev spectrum is observed in the l*.5l5 Mev 

spectrumj similarly no group in the i*.l*99 Mev spectrum was found 

which corresponded to group (1*33) at By? « 303 kilogauss-cra of the 

U.515 Mev spectrum. Hence groups (1*22), (1*29), and (1*33) may be 

definitely classed as contaminant reactions. Alpha particle groups 

(i*21)-(l*32), (1*28)-(1*31*5 remain unidentified. Several calculations 

have been made in an attempt to identify these groups, The re stilts 

show these groups are not attributable to known states in contaminants 

observed in the elastic proton spectrum of mass less than 1*0. 

The salient question to be answered concerning these groups is 

whether or not they are ascribable to states in Be®. The B-&+p ex¬ 

citation curves show sharp resonances for gamma ray and neutron emis¬ 

sion,^- and in the range of incident proton energies from J. to about 

3 Mev the B^+p excitation curves show resonances^ for reaction 

alpha particles due to the B^(p, ^)Be® reaction. Thus a comparison 

of the ratio of intensities of the corresponding groups (1*21 )h( 1*32) 

and (1*28) to (i*3i*) with the ratio of intensities of the ground state 

and 3 Mev state groups of the two spectra would yield no definitive 

E. B. Paul and R. L. Clarke, Pfays. Rev, 91, 1*63 (1953) 
Bll(p, J.)Be® excitation curve of magnetically analyzed reaction a 

partieles shows alpha resonances for incident proton energies of 
,68, 1,1*, 2.0, 2,65 Mev. 
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evidence for prohibiting the assignment of these questionable groups 

to states in Be®. Therefore it is possible tentatively to ascribe 

these groups to states in Be®, Groups (1*21) * (li32) are calculated 

R 
to correspond to Be excitation of 1.932 Mev, while groups (1428) - 

(l$3U) correspond to Be® excitation of Mev. The laboratory 

width of these groups is observed to be the minimum observable width 

due to the resolution of the spectrometer and hence approximately 

20 Kev in the center of mass system. 

The blank space between * 286 and By? ** 293 kilogauss-cm in 

the thin target spectrum shows the lack of data obtained in this 

region due to the improper positioning of the emulsion, A summary 

of the data derived from the alpha spectra, including reaction cross 

sections where possible but excluding Be® data, is given in Table II. 
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Discussion 

In the course of the experiments outlined above, energy level 

data on nuclei other than Be® was obtained from several reactions 

concomitant with the Be9(He3, -L) and B^-(p, -4) Be® reactions# Since 

the excited states of Be® are the primary objects of study in this 

thesis, discussion of this subsidiary information has been given as 

it was presented above. This discussion will be concerned with the 

excited states in Be® as indicated by the Be?(He3, ^)Be® and 

11 8 
8 (p, -£)Be reactions* 

The Ground State of Be® 

The ground state of Be® was observed by the 

reaction only. As mentioned above, the ground state group of each 

of the two spectra was used to calibrate the bombarding energy of 

the incident protons for the spectrum. Bence, no independent value 

of the ground state Q value was obtained. The intensity of the 

ground state group was found to be lit percent relative to the 3 Mev 

level for both spectra. Since the width of the ground state group 

of the h.SiS Bev spectrum is wholly attributable to the finite width 

of the proton beam and the spectrometer resolution, an upper limit on 

the ground state width may be set at 21 Kev. However according to 

the findings of Russell^ the ground state is known to have a center 

of mass width of U.5 + 3 ev. 

27 
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The First Excited State of Be® 

Be?(He3, a4,)Be^ Reaction. The first excited state of Be® was 

found to center about 2*65 t .0$ Mev with a center of mss width 

fca 2.63 £ .2 Mev. Surveys of id® literature have shown that 

thep?e are no published data on the Ba9(fie3, *6)Be® reaction. An 

abstract of a paper presented by C» D. Hoak, et* al.,26 mentioned 

the observation with a Nal crystal and pulse height analysis of a 

3 Mev state and no other to an excitation of 7 Mev in Be®j however, 

the details of tills experiment Iiave not been published. Similarly, 

the 1955 Ajzenberg and Lauritsen^ review of the levels of light 

nuclei listed a private communication of the observation of the 

3 Mev state by Almqvist, yet there has been no publication of this 

experiment either. 

The first excited level of Be® is the most widely agreed upon 

ft 
level of the Be° nucleus. The results of various experiments using 

reactions other than the Be^(Iie3,<^)Be® reaction have been enumerated 

in the Introduction of tills thesis. It may be seen from this discus¬ 

sion that the majority of investigations have yielded a broad level 

in Be° in the range from 2*8 to 3 Mev,} also as was pointed out in 

the Introduction, in general, the data with the best statistics and 

resolution show the presence of one broad level in the neighborhood 

of 3 Mev and the absence of other low-lying levels. Thus, the data 

obtained from the Be^(He^,oOBe® reaction which is given here appear 

to be at variance in appreciable detail with the majority of the 

evidence obtained by other experiments. 

26 C. B. Monk, ¥. M. Good, ¥. B. Kunz, Phya, Rev. 9g, 6U1A (19$h) 
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In this respect it is necessary to discuss the specific charac¬ 

teristics of this experiment which have been found to complicate the 

interpretation of the data. 

Breakup Alphas. Since Be® is unstable with respect to alpha 

decay above 0.096 Mev in excitation, two continua of alpha particles 

are observed from the reaction 

Be^ + Ile^ —> C12*—» Be®* ♦ ®4i + Qi 

Be®**-—" ^2. + Qg 

In the decay of the highly excited G^"2* compound nucleus the reaction 

alphas (U.) are emitted corresponding to excited states in Be®. How- 

ever, since Be° is unstable to alpha decay above 0.096 Mev, a continuum 

of oLi.particles is produced due to what is essentially a three-body 

breakup of C^2 into three alpha particles; C^^-» o^3 4* o^3 *1* • 

Thus the great width of states in Be®* above 0.0?6 Mev produce a con¬ 

tinuum of JL3 particles in addition to the continuum of breakup alphas, 

Since the breakup alphas are indistinguishable from the reaction 

alphas at the same momentum and hence energy, it is of interest to 

calculate what region of alpha momentum the breakup alphas would be 

expected to contribute most to the reaction alpha spectrum. 

Since the details of the dynamics of the highly excited compound 

nucleus were unknown, a simple calculation based on the vector diagram 

shown in Figures 5a and 5b was made to estimate the alpha-2 energy 

distribution expect®!, assuming isotropic emission of the J.,, Be®5*, and 

-Ai_particles in the center of mass system. This calculation was car¬ 

ried out for the case of breakup alphas expected from Be® left in its 



,L 

CH 

(b) 

Where: 

VHe3 is the velocity in the lab system of 
He3+ 

< Is the velocity in the lab system of <*. 

< is the velocity in the lab system of 

is the velocity in the lab system of Si'* 

Vcm is the velocity in the lab system of the center 

rcm 
'ot, 
.cm 

,cm 

of mass 

is the velocity in the center of mass system of <>(., 

is the velocity in the center of mass system of «t£ 

is the velocity in the center of mass system of Be>* 
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ground state, 2.9, 16, and 17 Mev excited states* The case of the 

(p£t—=, 3^ reaction was considered in order to calculate the maxi¬ 

mum alpha energy expected from the three-body breakup of 

The results of the calculation showed that breakup alphas from 
Difr 

Be excited to 2*9 Mev should contribute to the reaction alpha spec¬ 

trum in the range of alpha energy (Eg) from 6 Mev to 3 Mev, while the 

breakup alphas from Be® in its ground state should contribute in the 

range from 2*5 to 1*8 Kev in Eg. However the maximum energy alpha 

expected from the three-body breakup of G^** would be approximately 

11 Mev, while the maximum energy breakup alpha from Be®** would be ap¬ 

proximately 10 Mev when emitted from Be®** excited to 17 Mev. These 

Be®*- breakup alphas and three-body breakup alphas should not contrib¬ 

ute any sharp groups and hence should serve to increase the alpha 

background of the spectrum* 

Since the first excited level of Be® encompasses Efe from 10 to 

8 Mev, this level should be free from any breakup alpha contribution 

from the low-lying Be® statesj however contributions to the spectrum 

in this region would be expected from breakup alphas due to Be®’* ex¬ 

cited to 17 Mev or more and from the three-body breakup of G*^. 

Thus it cannot be assumed that the Ig range from 10 to 7 Mev is free 

of alpha-2 and alpha-3 contributions. 

Since the calculation made upon the breakup alphas was necessar¬ 

ily only an estimate, it seems reasonable to conclude that much of 

the continuum observed in the Be9(H) spectra from 6 Mev to 1 Mev 
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in Eg* i»e** iron • 3QO to B/ ** 182 kilogauss-cm* is due to the 

breakup alphas from BB|QJ and while contributions to the 

spectrum from 11 Kav and below in Eg may be expected from the three- 

body breakup of and from Be®* excited to 17 lev* Thus contribu¬ 

tions to the alpha spectrum may be expected at values of as high 

as 1*60 kilogauss-cm* 

Contaminants* Possible contamination of tie target is also a 

reasonable source of interference with the first level data. The 

k*399 Kev spectrum of the Be^(He3j/)Be8 reaction was seen to be con¬ 

taminated by and Cl37. since the preponderance of data for the 

first level was Obtained upon a “new target**, it seers reasonable to 

assume that this portion of the spectrum is* at worst* negligibly con¬ 

taminated* especially in the absence of sharp groups or strong anoma- 

4- 
lies from both the h*399 Mev and l**#25 Mev spectra. Thus the data 

from the Be9(He*^4)Be® reaction showing the first excited level to be 

at 2.61$ Mev with a width (/cm) of 2.63 Mev cannot be substantially 

altered by invoking arguments of interference effects due to contamin¬ 

ants. 

B^Cp* gQBe® Reaction. The data obtained from the (p* /) spectra 

showed the first level in Be® observed with * 2i.l$9 Mev at 3•lb ± *05 

Mev with /cm 3 1*39 i *1 Mev and laboratory width /Tah •» Q.85it Mev* 

while the Hev spectrum places the first level at 3.009 * .01 Mev 

with J^m•=, 1.3X6 t *15 Mev and /^h *.?$k Hev* The intensity of the 

ground state with respect to the 3 Mev state is observed to be 13 per¬ 

cent for the h»k99 Mev spectrum and lit percent for the kSl$ Mev spec¬ 

trum* 
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The Be® nucleus has been studied by the )Be® reaction 

for many years. Holland, et. al.,^ report the ground state and first 

level at 2*9h Mev by observation with a Hal crystal and magnetic 

analysis at angles of 10°.and 90° with respect to the incident beam* 

Id and VJhaling2? determined the first level to be at 3 Mev excitation 

with a width of 0.75 Mev in the laboratory system. Beckman, et.al.,28 

calibrated their alpha magnetic spectrometer, with proportional counter 

detector, on the basis of the Id experiment and observed a width of 

.81* Mev in the laboratory system. Thus it is seen that the above value 

of widths and the level value obtained by the U*5l5 Mev spectrum of 

the present experiment are in good agreement with the Id and the Beck¬ 

man results. 

Glaettli and Stoll2? reported levels at 2.2, 2.9, 3*U, li.O, and 

li%9 Mev obtained from the B^(p, J. }Be® reaction and detected with 

photographic emulsions and a proportional counter. Ho further details 

and no data reproductions were given with this paper* However this is 

the only data obtained from charged particle reactions to support the 

evidence for maty low-lying states offered by the gamma ray and neutron 

experiments mentioned above* The present spectrum shows some indica¬ 

tion of such structure in the low-lying levels. 

The tentatively identified level in Be® at % = 1.93 Mev shows 

an intensity relative to the 3 Mev level of h percent for the h*h99 Mev 

11 c. VI. Id, VI. Whaling, Phys. Rev. 81, 661 (1951) 
2~ 0. Beckman, T. Huus, ana C. Zuparicxc, Phys. Rev* 91, 606 (1953) 
29 H. Glaetli and p. Stoll, Helv. Phys. Acta ~267l28Tl937) 
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spectrum and 6 percent for the ij.010 Mev spectrum* The level tenta¬ 

tively identified at Mev shows an intensity of 12 percent 

relative to the 3 Mev state for the It.lj.99 Mev spectrum and of 12 per¬ 

cent for the lj.510 Mev spectrum. This relative intensity for the 

0*20 Mev level is seen to he comparable to that of the ground state 

which was noted above as llj percent of the 3 Mev level intensity. 

Gibson and Prowse^ have reported a level at £.25 Mev excitation in 

Be® on the basis of their results obtained from the IdJ(d,n)Be® re¬ 

action as mentioned in the Introduction. However the ratio of in¬ 

tensity of the 3*25 Mev level to the ground state observed by Gibson 

is much less than that observed by these experiments where the inten¬ 

sity of the 5»2£ Mev groups is 86 percent as great as the ground 

state intensity. Thus the 0.25 Mev level reported here might be con¬ 

sidered as possible corroboration of the Gibson results. 

The contribution to the (p, oQ spectrum by the break-up alphas 

was calculated in the same way as that outlined above for the Be® 

break-up alphas from the (He3,c4) reaction. The results showed that 

the maximum enerejr of an alpha particle from the Be^, Mev state 

would be approximately 3 Mev. Thus this contribution would appear well 

below the 3 Mev level in the (p, oQ spectrum as noted in Figure ija and 

ijb. However the maximum energy alpha expected from the three-body 

break-up of would be an alpha of approximately 6 Mev; yet this 

contribution would be identical in the two (p, *4) spectra obtained. 

Therefore it seems the disparity in widths and values for the 3 Mev 
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level between the two (p, oL) spectra is due to the contaminants ob¬ 

served on the H.U99 Mev spectrum* In the case of several contaminant 

peaks appearing on a broad level an apparent shift to lower Eg and 

greater width due to tailing from the contaminant groups is expected. 

Therefore it is not surprising that the first excited level of Be® 

from the it *U99 Mev spectrum appears to be approximately 0.1 Mev higher 

and 0.0? Mev wider than the thin target spectrum. 

The 16 and 17 Mev States of Be® 

The alpha spectrum from the Be9(He^,®OBe® reaction shows a 

broad state attributable to Be® centering about 15.95 Mev of excita¬ 

tion and having width 0*16 ± .1 Mev. The intensity of this level 

with respect to the first level is 1*59 percent in this region of ex¬ 

citation. Slattery, et.al*,^ have reported levels at 16.08 Mev with 

fcisT 0.31 Mev and 16*65 Mev with 0.19 Mev obtained by the 

Li^(d,n)Be® reaction using the counter-ratio technique. This data 

showed the 16.08 Mev level as a sharp anomaly of low intensity in the 

region of low deuteron bombarding energies and low counter-ratio. 

The 15*95 Mev group covers the range of Be& excitation from 

15.66 to 16.25 Mevj thus it is possible to suggest that this state cor¬ 

responds to the 16.08 state reported by Slattery. It is noted that 

the width of the 15*95 Mev level is about half as broad as that reported 

by Slattery. A comparison of the width of the 15.95 Mev level to that 

of the 16.08 Mev level reported by Slattery is made difficult, however, 

by the large uncertainty in the width determination of the 15*95 Mev 

level. 

30 J. c« Slattery, A. Chapman, and f. ¥. Bonner, Phys. Rev. 108, 
809 (1957)     
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The I4-39I4 Mev spectrum shows no anomaly in the region of Be^ 

excitation from 16.25 to 16.65 Mev. The evidence given by Slattery for 

the 16*65 Mev level is more convincing than that for the 16*08 Mev level 

in that it consists of a well defined peak in the counter-ratio. How¬ 

ever the alpha spectrum of the present work shows no level centering 

about 16.65 Mev. The region from 16.65 to 1?.3 Mev excitation shows a 

broad group attributable to Be® with two contaminant levels superposed 

on it* The group centers about 17.01 * *15 Mev and has a width 

I cm - *308 t .12 Mev. The intensity of this group with respect to the 

first excited level is 8 percent. 

Goward and Milkins^ have reported states at 16.8 and 17.6 Mev 

with widths of approximately .3 Mev observed by star analysis from the 

reaction. The Goward data necessarily suffers from poor 

total statistics? however, it may be seen that with the contaminants 

superimposed on the 17 Mev group, the possibility that the levels be¬ 

tween 16*65 and 16.8 Mev are masked is not to be excluded. 

The present spectrum gives little evidence for the 17.66 Mev level 

reported by GovardU and the 17»6!i Mev level which corresponds to the 

well known UUl Kev resonance in the Li?(p, 8 )Be^ reaction as reported, 

for example, by Huntusing electrostatically analysed protons. Fig¬ 

ure lb shows a minimum in the 17*6 Mev region of Be® excitation while 

at 17«6h Mev the apparent rise in the spectrum observed is not statis- 

tically significant tdien compared to the plateaus observed above the 

31 S. E* Hunt, Proc. Phys. Soo* 65A, 982 (1952) 
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16 Kev state and between the 16 and IT Mev levels* Bins the alpha 

contaminations from Be® break-up alphas, the contaminants, and 

the reaction alpha continuum would be expected to mask a weak level 

at 17.61* or 17*6 Kev# 

It may be noted, however, that an earlier experiment made at 

%=U*U Kev showed some initial evidence for the 17*61* Mev level* 

The spectrum derived from this experiment is given in Figure 6. The 

Q value calculated for this experiment was 1.269 Mev. The experiment 

was done using a very "new" target in that it had been exposed to less 

than three hours of the He3 bombardment. The exposure was approxi¬ 

mately half that of the k*39h Mev spectrum and the peak consisted of 

approximately three alpha counts per quarter mm sweep across the emul¬ 

sion, whereas the background was less than one alpha count per quarter 

mm sweep. That these results were not reproduced in the k*39h Mev 

spectrum may be attributed either to the poor statistics of the first 

experiment and/or the masking effects observed due to contaminants in 

the case of the longer exposure. 
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Conclusions 

The excited levels of BeS are not as yet equally well estab¬ 

lished* As pointed out in the Introduction, a dichotomy in the 

evidence has existed with the reporting of numerous low-lying states 

on the basis of some studies and few low-lying levels reported on the 

basis of other studies* 

The investigation of the Be^(He|ae^)Be® reaction presented in 

this thesis shows one excited state of Be® at 2*65 Mev excitation 

and 2*63 Mev center of mass width in the range of Be® excitation from 

0*3 to 15 Mev* This evidence, then, is certainly in support of the 

evidence for few low-lying Be^ levels. It is estimated from the alpha 

spectra that sharp alpha groups of intensity greater than 1 percent of 

the first excited level and broad levels greater than 2 percent of the 

first level would have been observed* This sensitivity is of the same 

order as that of Holland,9 Frost,6 and Moak® and thus offers corrobora¬ 

tion of their data in the range of excitation up to about 5 Mev* 

The levels in the region from 5 to 15 Mev such as those reported 

by Coward-^ on the basis of the C^{ OO reaction, Hilson, et.al*,^ 

on the basis of alpha-alpha scattering, and Moak® on the basis of the 

Li^(He^,p)Be® reaction were not observed by the reaction 

3? 



38 

in the course of these experiments. However, two levels at excita¬ 

tion energies greater than 15 Mev were observed. The level at 

15.95 Mev corroborates in substance the 16.08 Mev level reported by 

Slattery,28 and. the 17.033 Mev level bears out the existence of one 

or perhaps more levels in this region of Be® excitation as suggested 

by Slattery and Gcrward. The 17.6b Mev level of Be®, known for the 

p+Li? reaction, has been tentatively confirmed for the Be?(He^, ^-) 

reaction on the basis of one spectrum of poor statistics. In Table III 

the experimental data obtained by the present work are summarised, in¬ 

cluding reaction cross sections where possible. The data obtained by 

other experiments discussed elsewhere in the text are given in Table V 

for comparison with that in Table III* 

As discussed above, the data from the Bll(p, ^)Be® reaction are 

in general agreement with the other data obtained from this reaction 

with son® reservations concerning possible levels at % *» 1.93 Mev and 

Ex “ mv- A summary of this data is also given in Table IH. 

The values for the first excited state of Be8 differ markedly between 

the (p,cL) and the (He3, JJ) data* However, these data cannot be 

readily reconciled on the basis of contaminant or break-up alpha con¬ 

siderations. 

In Table 17 are listed the values for ©2^ for d between 0 and 

k for the levels observed by the Be9(He3,y)Be® and B^(p,*<.)Be® reactions. 

On the basis of the dispersion theory, the possible values of the orbital 

angular momentum quantum number ( d ) characterizing a specific excited 



Table HI 

Levels In Be® 

Peak 
Ho* 

Reaction Q(Hev) Ex(Mev) Acra(Kav) <5mb/ster 

1*0 Be9{He3,^)Be8 16.262 2.61*9 t *05 2.63 * .2 2.05 
1*3 II 2*960 15.951 * .1 0.16 & .1 0.03 
1*6 U 1.878 17.033 * .15 0.31 * .12 0.2 
im it 1.268 17.61* 
1*20 Bn(p,4Be® E-, Calibration 0.00 21 Kev 0.3* 
hkO 1* 0.00 21 Kev 
1*21 II 6.658(7) 1.925 t .010 21 Kev 0.03* 
1*32 It 6.658(7) 1.925 * .008 21 Kev 
1*30 II 5.1*37 3.11*6 t .05 1.39 ± .1 2.7* 
ii5 o II 5.571* 3.009 i .01 1.32 t .15 
1*28 If 3.327(7) 5.256 t .on 21 Kev 0*08* 
J*3i* t» 3*317(7) 5.266 ± .010 21 Kev 

•45- Estimate 



Table I? 

Values of 0' 
* 

JL 
for the Observed States in Be 8 

level 
Excitation 
Energy 

l7sm 
Mev 

l—* 

0 i 

1.93 .021 *00205 .00213 
2.65 2*63 .188 *150 
3.01 1.32 .138 .1514 
5.25 .020 .00271 .0029 

15.55 *152 .02144 .021*9 
17.03 .30 .051 *0561 

2 3 k ©
2
/A

2 

.0023 .00287 .0031 .00183 
*153 .199 .211 *179 
.167 .205 .216 .128 
*0033 *0010.6 .0070 .00225 
.030 ,0386 *068 .0186 
,072 .0985 .226 .03914 

* y1 . MJL .4. 
' 2- 



fable 7 

Comparison of Levels in Be 8 

Level in 
Be^ Ex (Mev) fra Gi frb SI Ho Gl Li Pr Ku Mo Ru Go 

0.00 P p 0 0 P P P 0 P P P P 
2.Q5 a a 0 0 a a a a a a a a 
2.1 a p 0 0 a a a a a a a a 
2.2 a a a 0 a P a a a a a a 
2.1* a a a 0 a a. a a a a a a 
2*9 (broad) P P P 0 P P P P P P P P 
3*1* a a a 0 a P a a a a a a 
i*.o a a a 0 a. P 0 a a a a P 
i*.o5 a P a 0 a a 0 a a a a a 
1**1 a a P 0 a a 0 a a a a a 
1*.9 a a a 0 a p 0 a a a a a 
5.0 a a P 0 a 0 0 a a a a a 
5.25 a P a 0 a 0 0 a a a a a 
6.0 a o a 0 a 0 0 a a a a P 

10. 0 0 G 0 0 0 0 a a a a P 
12. 0 0 0 0 0 0 0 a 0 a (11) a 
15, 0 0 O 0 ll 0 0 0 0 0 0 0 P 
16.08 0 0 0 P 0 0 0 0 o 0 0 a 
l6*j65 0 0 0 P 0 0 0 0 0 o 0 a 
16.8 0 0 0 a 0 0 0 0 0 o 0 P 
17*6 0 0 0 0 0 0 0 0 0 o 0 P 
17.61* 0 0 0 0 0 0 0 0 0 o 0 a 

a absent from investigation 
p present in investigation 
o out of range of investigation \ 
fra frail and Johnson# Pigs* Rev. 95, 1326 (19$k) 
Gi Gibson and Prowse* PhUt,. Mag. 7*5, 807 (1955) 
frb frumpy, eti a!., Mature 176, l3l8 (1952) 
SI Slattery, ei.il. , Phys. Rev, 108, 809 (1957) 
Ho Holland, ei.dU, Phys. Revr9~92 (1955) 
Gl Glaetli and Stalls Helv* phys. Acta3 26, 1*28 (1957) 
Li Li and Whaling, Phys. Rev*' ol,r 66i"(195i) 
Fr Frost and Hanna, Phys.~Rev.*99> 8 (1955) 
Ku Kurus, et.al.3 Phys, Rev, 91,"^76 (1953) 
Mo Moak, et.al., Phys. Rev. 101, 1326 (1956) 
Bn Russell, et.al*, Phys. Rev. lOl*, 35 (1956) 
Go Goward and Wilkins, Proc» Roy. Soc. 228, 376 (1952) 
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level of the residual nucleus are limited to those £ values for 

which the ratio 

where ^is the reduced width of the excited state in question 
.1- ■*. 

and is the so-called ‘Wigner limit". The reduced width ( ) 

may be given by 

n A\ 
X,L J2-K- erg-cm 

where ** Center of mass width of the excited state in ergs 

*» Amplitude of the phase amplitude method, Ae~ {%.>■<**■( , for 

calculating Coulomb wave functions 

K » Wave number of Be®-He^ in the center of mass system* 

Tiie Wigner limit is given by 

y7- 3 Pi , A_ 
2_ evg-m. 

where a = Nuclear radius* assumed to be 5 x 10-13 cm 

Reduced mass of residual nucleus (Be®) and emitted particle 

(He**) in gras. 

From the values of 4 listed in Table IV, it is seen that 

on the basis of this analysis no / value for / between 0 and 1* may 

be excluded for any of the excited states of Befi observed by these 

experiments. 
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